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ABSTRACT

The inherent thermodynamic benefits of Homogeneous Charge Compression
Ignition (HCCI) make it a likely choice for meeting the increasing demands of fuel
economy legislation. Unfortunately HCCI suffers from reduced combustion efficiency
and operational variability due to the buildup of carbon deposits. However, the unique
thermo-kinetic nature and thermal sensitivity of Low Temperature Combustion (LTC)
provides an opportunity to improve combustion efficiency through manipulation of the
in-cylinder thermal environment. This body of work sought to create a wall temperature
swing using a thin Thermal Barrier Coating (TBC) to reduce combustion heat transfer
and improve LTC combustion and thermal efficiencies.
The first TBC used was a thin, dense YSZ coating, which provided modest gains
in thermal and combustion efficiencies in addition to accelerating LTC burn rates and
advancing combustion. This confirmed the original hypothesis, so coatings with higher
porosity were pursued as a means of further reducing thermal conductivity and increasing
the temperature swing magnitude. This direction of investigation yielded further
incremental improvements in thermal and combustion efficiencies, however pitfalls
experienced due to interactions of combustion gases with the surface roughness and open
porosity of highly-porous TBCs discouraged this area of inquiry. An investigation into
porosity and roughness interactions confirmed the impacts of surface roughness, however
the open porosity effects were not representative of the impacts witnessed with the TBC,
due to the porosity becoming blocked by carbon deposits. The next step focused on
alternative low thermal conductivity materials, such as gadolinium zirconate, as a way to
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achieve durable, low conductivity TBCs. This area of investigation proved successful,
providing a thin coating with a 0.65 W/m-K conductivity that created a large temperature
swing, boosting thermal efficiency by up to a 5.9% and combustion efficiency by up to
1.5%.
As a separate approach to improving combustion efficiency, catalytically active
coatings were investigated. Experiments indicated catalytic activity with the use of a low
temperature CuOx – CoOy – CeO2 (CCC) catalyst specifically developed for LTC
aftertreatment over a YSZ thermal barrier provided a modest boost to combustion and
thermal efficiencies. Combined, these investigations provide guidance on thermal barrier
coating design for LTC to remove one of the last hurdles to mass-adoption for HCCI
engines.
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CHAPTER ONE
INTRODUCTION AND MOTIVATION

With stricter emissions and the 2025 Corporate Average Fuel Economy (I)
regulations on the horizon, there is increasing impetus to improve internal combustion
engines to keep up with these challenges. As of 2015, the aggregated manufacturer fuel
economy was up to 37.2 mpg [1], which falls quite short of the 54.5 mpg target for 2025.
There are a number of competing technologies that promise to help close the fuel economy
gap. While fully electric and plug-in hybrid electric vehicles are a promising competitor,
they only accounted for about 1.9% of new car sales in 2017 [1]. Internal combustion
engine powered vehicles still dominate the market, accounting for 98.1% of all cars,
including hybrids, sold in the United States in 2017 were powered by an engine. A recent
forecast even estimated a 65% ICE share, even in 2040. Therefore, in order to meet the
2025 I rules, automakers will need to focus on internal combustion engines and improving
their fuel efficiency.
Internal combustion engine part-load thermal efficiency is of particular interest in
vehicular applications. Under part-load conditions, a typical gasoline engine suffers from
pumping losses. In addition, application of a 3-way catalyst requires operation with
stoichiometric mixtures and the compression ratio is limited by the propensity to knock.
The obvious solution is to just use a diesel engine operating with high compression ratio,
unthrottled, and lean. However, the greater soot and nitrogen oxide (NOx) emissions makes
it an unlikely candidate, due to the extra cost added by a particulate filter and extra catalyst
needed to oxidize NOx emissions [2]. The ideal would be an engine with the efficiency of
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a diesel, but the emissions of a gasoline engine, as this would enable increases in fuel
economy while avoiding expensive aftertreatment devices. Low Temperature Combustion
(LTC) is an advanced combustion strategy that meets these criteria. One type of LTC,
Homogeneous Charge Compression Ignition (HCCI), is almost ready for mass production.
The Mazda Skyactiv-X engine, has demonstrated improvements in city and highway fuel
economy of about 15%, and is slated to enter the consumer market in 2019 [3,4]. A
simulation with a dual-mode HCCI-SI engine predicted similar gains of approximately
17% in real world fuel economy [5], thus the use of HCCI engines will provide a substantial
uplift in efficiency over current gasoline engines. While HCCI engines are set to enter the
market in the near future, there are still aspects, such as combustion and thermal
efficiencies that can still be improved.

HCCI Operating Principles
Homogeneous Charge Compression Ignition engines depend on the compressionautoignition of a lean, homogeneous air-fuel charge to provide power. Combustion in
HCCI engines requires that the conditions at the end of compression be suitable for
autoignition of the air-fuel mixture, to accomplish this, HCCI engines generally have
higher compression ratios. Some engines depend on compression alone to provide these
conditions [6]. While others trap hot exhaust gas through negative valve overlap or exhaust
re-breathing, which boosts temperature at the start of compression and reduces the required
compression ratio [7]. An additional consideration is if an HCCI engine is expected to run
in a dual-mode setup, then a high enough compression ratio for pure-compression
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autoignition may not be possible due to knocking limitations with SI operation. Load
control in HCCI engines is achieved through fueling and adjusting the equivalence ratio,
instead of throttling, as with SI engines [8]. The presence of a lean air-fuel mixture in HCCI
combustion also lends to low combustion temperatures and reduced NOx and soot
emissions. Combustion in HCCI engines is characterized by near-simultaneous ignition at
multiple points within the charge, followed by rapid combustion of the cylinder contents
[8]. This is in sharp contrast to SI combustion, where there is a direct combustion trigger,
i.e. a spark plug, and a flame front that separates the burned and unburned zones [9]. The
following sections will talk about the aspects of HCCI operation in depth and how they
affect combustion, emissions, and thermal efficiency

Benefits of HCCI Operation
High Thermal Efficiency
There are a number of key reasons for the higher part load efficiency inherent with
HCCI operation. Firstly, HCCI engines are operated without a throttle, so they experience
virtually no pumping work [8,9]. Load control in traditional spark-ignition (SI) engines is
achieved through throttling. While at part load, throttling in SI engines consumes a large
portion of the available work from combustion to pump air during gas exchange,
decreasing thermal efficiency. However, HCCI engines control load through fueling,
similar to compression ignition (CI) engines, thus negating the need for a throttle and the
penalty in pumping work at part load. Second, the lean, low temperature combustion
environment increases the ratio of specific heats, or gamma, during expansion, which
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results in greater cyclic work output [9]. Third, HCCI operation relies on high compression
ratios to enable compression ignition of the fuel-air mixture. The higher geometric
compression ratio helps to extract additional work during the expansion stroke and confers
additional thermal efficiency benefits [9].

Lower Soot and Nitrogen Oxide Emissions
With HCCI operation, the fuel-lean conditions and low combustion temperatures
result in low soot and NOx emissions. The dilute air-fuel mixture helps to limit peak
combustion temperatures between 1500 and 2000K [6,10–12]. The Zeldovich Mechanism,
which is responsible for NOx formation in engines, is generally active above 2200K [9,13]
The combination of combustion temperatures below the limit required for the Zeldovich
Mechanism and rapid combustion mean total NOx formation in HCCI engines is very low
[8,9]. The premixed, homogeneous air-fuel mixture eliminates potential rich pockets and
minimizes soot production [9,13]. Figure 1.1 demonstrates that HCCI’s lower temperature
and lean, homogeneous mixture is key to the low overall NOx and soot emissions.
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Figure 1.1: Plot comparing soot and NOx emissions as a function of local equivalence ratio
and temperature for spark ignited, diesel, and HCCI (LTC) engines [13].

Utilization of HCCI engines will help to increase fuel economy while avoiding the
need for costly emissions aftertreatment systems. Unfortunately, HCCI combustion is
limited in its operation and has lower combustion efficiency than typical SI engines,
creating higher carbon monoxide and unburned hydrocarbon emissions. Additionally, the
lack of a direct trigger for HCCI combustion makes it hard to control. Combined, these
issues create barriers to mass adoption.

Challenges Related to HCCI Operation
Limited Operating Range
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One major challenge with HCCI combustion are the operating limits. Figure 1.2
compares the brake specific fuel consumption (BSFC) maps of an SI engine and an HCCI
engine. The most important feature in Figure 1.2B is the HCCI operating range dictated by
the ringing and misfire limits, these load limits will be discussed in greater detail shortly.
When compared with the operating range of the SI engine (Figure 1.2A), the HCCI
operating envelope is substantially smaller, highlighting a major weaknesses with HCCI
engines. At high fueling rates, HCCI combustion advances and the rate of heat release
increases rapidly, causing high intensity pressure oscillations, or ringing [14]. As with
knocking in SI engines, high amounts of ringing can lead to issues with high cylinder
pressures, excess combustion noise, and durability issues of engine components [9,14]. The
high load limit for HCCI operation is often dictated by a maximum pressure rise rate, 50
𝑏𝑎𝑟⁄ for the engine used in this study, to prevent any chance of mechanical damage. At
𝑚𝑠
low fueling, the cycle-to-cycle variation in work output increases due to more dilute
conditions, lower residual temperatures, and slower chemical kinetics [6,8]. A limit of 3%
cycle-to-cycle variation in indicated mean effective pressure (IMEP) is imposed to avoid
harsh operation and misfires.
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Figure 1.2: Brake specific fuel consumption maps for A) SI engine and B) HCCI engine,
showing higher HCCI part load efficiency and operating limits [5].

Figure 1.2 also shows the higher part-load efficiency (lower BSFC values) for
HCCI operation due to the lack of pumping work. The relative difference between SI and
HCCI BSFC numbers is highest near the low load limit, here the improvement in thermal
efficiency due to throttle-less operation is greatest. Lowering the misfire limit presents a
further opportunity to reduce pumping work and provide gains in vehicle fuel economy,
this is in part motivation for the work reported here.

Lower Combustion Efficiency
Another challenge with Homogeneous Charge Compression Ignition operation is
the reduced combustion efficiency that results in increased carbon monoxide and unburned
hydrocarbon emissions. Typical combustion efficiency for an HCCI engine is about 9596% [6], while an SI engine can be 98% or greater [6,9]. This contributes to greater
unburned HC and CO emissions at the tailpipe. Temperature distributions measured by
Planar Laser-Induced Fluorescence (PLIF) in HCCI engines have isolated this combustion
inefficiency to colder wall-affected zones. Heat transfer causes these cold pockets to form
in proximity to the combustion chamber wall during the latter portion of the compression
stroke [6,15–17]. Afterwards, turbulent gas motion cause these structures to extend into the
center of the charge, seen in Figure 1.3. The thermo-kinetic nature of low temperature
combustion mean these pockets of cold gas combust more slowly than the rest of the
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charge, or fail to autoignite entirely, ultimately increasing partial and incomplete
combustion products at the time of exhaust valve opening [6,12,16,17].

Figure 1.3: PLIF image of LTC combustion chamber, showing the colder wall-affected
zones (blue) due to heat transfer [15].

Dependence of HCCI Combustion on Thermal Conditions
The Effect of Thermal Stratification
Wall heat transfer strongly influences HCCI combustion, and has far reaching
impacts on the overall combustion rate and combustion efficiency. Figure 1.3 shows the
large differences in local temperatures spatially throughout the charge, and provides a
visual representation of “thermal stratification.” A few studies have manipulated thermal
stratification in order to lengthen the combustion event, reduce the rate of heat release, and
extend the high load limit [12,16] This was accomplished through a reduction of the coolant
temperature to cool the wall-affected zones and slow chemical kinetics even further.
Ultimately, these efforts were successful, but combustion efficiency was reduced. Chang
et al. [18] found a similar link between wall heat transfer and combustion rate. Decreasing
the coolant temperature 15 degrees lowered the peak rate of heat release by 35%.
Additionally, the 50-90% mass fraction burn duration increased when coolant temperature
was lowered, as seen in Figure 1.4A. While similar results were seen with intake
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temperature, the impact on ignition timing for was smaller for changes in coolant
temperature (Figure 1.4B). This suggests coolant temperature and wall heat transfer do not
have the same effect on the global combustion process as intake temperature does. Instead,
it affects the temperature in the colder wall-affected zones, which predominately impact
the latter part of combustion.

Figure 1.4: Respective impacts of A) coolant temperature and B) intake temperature on
ignition timing (MFB 10% point) and the 50-90% mass fraction burn duration
[18].

Combustion Chamber Deposits and Effects on HCCI Combustion
Several investigations [19–21] have found that the natural buildup of carbon
deposits in the combustion chamber of a Homogeneous Charge Compression Ignition
(HCCI) engine causes a similar effect to increasing coolant temperature. Carbon deposit
buildup over a 40 hour period significantly advanced ignition and increased the peak rates
of heat release, which led to greater combustion and thermal efficiencies, as seen in Figure
1.5 [19–21]. The process ended when the carbon layer thickness reached an equilibrium.
These effects on combustion are due to the thermally insulating nature of combustion
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chamber deposits [19–23] (CCD) reducing heat transfer from the combustion chamber,
warming the wall-affected regions, and increasing the rate of chemical kinetics. While the
presence of the deposits increased pressure rise rates and required a reduction in the high
load limit, it also reduced cycle-to-cycle variability at low load, leading to an overall
expansion of the HCCI operating range up to 19% [21]. Collectively, this group of
experiments shows the potential benefits of manipulating wall heat transfer on LTC.

Figure 1.5: Change in rate of heat release due to CCD buildup over 40 hours [19].

Thermal Barrier Coatings
The presence of combustion chamber deposits in HCCI engines provided highly
desirable improvements in thermal efficiency, operational envelope, and in combustion
efficiency. Unfortunately, it is impractical to depend on CCDs to provide a thermal barrier
because the layer thickness is constantly changing with load and engine speed. Lower
combustion chamber surface temperatures lead to thicker deposit layers, while higher
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temperatures cause a lower thickness, contributing to a variable efficiency gains [22,23]
Thermal barrier coatings (TBC) provide an alternative to CCDs, by mimicking the best
properties of deposits without the risk of thickness variability.

Thick Thermal Barrier Coatings and Low Heat Rejection Engines
The first TBCs used in internal combustion engines were very thick coatings and
monolithic inserts installed in diesels to reduce wall heat transfer and increase thermal
efficiency [24–26] These engines were called “adiabatic engines,” or more appropriately,
“low heat rejection engines.” The coatings used successfully reduced heat transfer to the
coolant, but produced almost no improvement in cyclic work output, instead the heat
escaped with the exhaust. Additionally, the thick thermal barrier coatings retained a large
amount of combustion heat, releasing it during the gas exchange process of the next cycle,
heating the intake charge [24,27–30] Thick TBCs were characterized by a high temperature
throughout the cycle, similar to the “Traditional Insulation” line in Figure 1.6. The
combination of lower volumetric efficiency and lack of improvements in thermal efficiency
led to the failure of the low heat rejection engine concept and discontinued use of thick
TBCs.
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Figure 1.6: Comparison of the surface temperature behaviors of metal combustion chamber
walls, thicker traditional coatings, and thinner temperature swing coatings and
their impacts on both heat transfer and charge heating, adapted from [31].

Thin Thermal Barrier Coatings and the Temperature Swing Concept
Thin thermal barrier coatings attempted to improve upon the negative aspects of
the monolithic inserts while providing reductions in heat transfer when it matters the most,
around TDC-combustion. Lower coating thickness contributes to a lower thermal mass and
a larger surface temperature change, or “swing” during the cycle, enabling the coating
temperature to ‘track’ the bulk gas temperature more closely, similar to the “Temperature
Swing Insulation” in Figure 1.6 [27–32]. The significant increase in gas temperature and
heat transfer to the chamber wall during compression and combustion lead to a rapid, large
increase in the temperature on the surface of the thermal barrier coating. The magnitude of
the swing is proportional to the thermal conductivity and heat capacity of the surface, with
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a lower values for the respective properties generating a larger swing [28,29,31,32]. The
increase in wall temperature during combustion lowers the temperature differential
between the gas and wall, causing a reduction in heat transfer when it is most effective
[27,29,31,32]. The ideal swing behavior is characterized by a lower wall temperature
during gas exchange, minimizing charge heating, and a higher wall temperature during and
after combustion, reducing heat transfer to the cylinder wall. Application of a thin thermal
barrier coating to an HCCI engine would provide a reliable way to mimic the reduction in
heat transfer seen with CCDs, while reducing combustion heat transfer and improving
chemical kinetics leading to higher combustion and thermal efficiencies.

Overarching Goals and the Research Plan
The aim of this project is to explore the use of thermal barrier coatings in LTC
engines to improve combustion and thermal efficiencies. Two proposed approaches to
achieving low conductivity thermal barrier coatings are through a high porosity fraction
and through low porosity, low conductivity materials. Use of a catalytic coating was
proposed as an alternate method of improving combustion and thermal efficiencies and
will be investigated in this study. Prior attempts to use catalytic coatings in SI and CI
engines have not proven fruitful due to gas motion and flame propagation governing the
rate of combustion. However, LTC is kinetics controlled, so increases in the concentration
of radicals and partially oxidized fuel species with the catalyst is anticipated to help initiate
combustion and improve the completeness of the burn.
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This project was conducted by a multidisciplinary team from Clemson University,
Lawrence Livermore National Lab, and the University of Connecticut. Funding for this
research was provided by the joint NSF/DOE Partnership on Advanced Combustion
Engines grant number 1258714, “Thermal Barrier Coatings for the LTC Engine – Heat
Loss, Combustion, Thermal vs. Catalytic Effect, Emissions, and Exhaust Heat.” The
Clemson PI partnered with Dr. Eric Jordan at the University of Connecticut in order to
bring his expertise in coating development, as well as advanced plasma spray techniques
to the team. The research plan anticipated systematic investigations of the impact of
coatings on the heat transfer and HCCI combustion, using the Radiation Chamber and an
HCCI single-cylinder research engine at Clemson. The insight from the experiments
carried out by the author is used to close the loop, i.e. guide decisions about the coating
material, thickness, and porosity that allow maximizing the benefits. A companion PhD
dissertation of Ryan O’Donnell [33] provided deep understanding of the correlation
between the TBC thermal properties, in-cylinder heat transfer and cycle efficiency by
developing the methodology for estimating the instantaneous surface temperature using the
heat flux measurements underneath the coating. Close coordination between the two Ph.D.
candidates, i.e. the author and Ryan O’Donnell, while also clearly delineating the scope of
each dissertation, was a key to achieving ambitious goals of the project.

14

CHAPTER TWO
OBJECTIVES

The main hypothesis of this research is that thin Thermal Barrier Coatings have the
potential for increasing both thermal and combustion efficiencies in LTC engines. To
investigate the validity of the hypothesis Yttria Stabilized Zirconia (YSZ), a well-known
Thermal Barrier Coating material, will be applied to the top of a piston, and its effects on
combustion, emissions and thermal efficiency will be characterized in a single-cylinder
HCCI engine. The second hypothesis states that largest possible temperature swing is
desired, because it will cause the highest temperature increase in the wall-affected zones,
thus enhancing oxidation reactions in the near-wall zone, and maximizing the positive
effect on combustion and expansion work. One possible way to maximize this swing is to
minimize thermal heat capacity and thermal conductivity, and an open question is the best
means for achieving the desired thermal properties. Lastly, an additional open question is
whether the use of a catalytic material in conjunction with ceramics will yield an “active
TBC”, capable of further improving oxidation rates near the combustion chamber wall, and
thus further improving the combustion efficiency. The key objectives are elaborated in
more detail below.

Investigate Coating Design to Maximize Efficiency Improvements
In this investigation, the coating design space will be explored to maximize the
potential synergy between thermal barrier coatings and HCCI engines. As stated in the
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opening paragraph, a TBC baseline will be established with a dense Yttria-Stabilized
Zirconia coating to establish the potential of thin TBCs to impact heat transfer and HCCI
combustion. Further reduced TBC thermal conductivity would result in a larger
temperature swing and a further reduction in combustion heat transfer. One approach to
reducing coating conductivity is by increasing the porosity fraction of a TBC.
Air pockets, or porosity, exist naturally in plasma-sprayed TBCs. However, the
typical porosity level in the case of a YSZ coating applied using a powder and the Air
Plasma Spray (APS) process is very low. Deliberately increasing the TBC porosity fraction
can reduce the thermal mass and effective thermal conductivity [29], thus enlarging the
magnitude of the temperature swing. The direction of research in this dissertation is to (i)
investigate the layering of the porosity as a means of more effectively reducing thermal
conductivity, and to (ii) determine the desired porosity fraction within the constraints
imposed by the detrimental effects of extreme roughness or open pores. Pursuing the
former, i.e. design of the coating with structured porosity that enhances the heat flux
barrier behavior with moderate levels of porosity, will be enabled through collaboration
with Dr. Eric Jordan.
While this can improve the coating’s thermal performance, high levels of porosity
can have some unintended consequences on coating durability. The greater presence of
exposed porosity is hypothesized to also have potentially detrimental effects on actual heat
loss and fuel interactions. Therefore, investigation of the optimum porosity level will
consider a tradeoff between the desired impact of greater porosity on the temperature swing
behavior and HCCI engine efficiency, and the possible undesirable fuel interactions
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associated with open porosity and roughness. The research plan anticipates three steps, i.e.
investigations of the YSZ coating with moderate Structured Porosity, followed by a
generation 2 coating that will aim to determine the upper limit of allowable porosity, and
finally the application of lessons learned to guide development of the Generation 3 YSZSP coating. Benefits will be quantified with a comprehensive experimental investigation
in the HCCI single-cylinder.

Assess the Impact of Surface Roughness and Open Porosity on Heat Transfer and LTC
Emissions
Several studies have hypothesized that coating surface characteristics (i.e. surface
roughness and open porosity), can have negative impacts on emissions and heat transfer,
partially offsetting potential gains with thermal barrier coatings. Open surface porosity and
roughness are thought to increase the surface area exposed to hot combustion gases and
heat transfer. Additionally, a higher amount of porosity exposed to the combustion
chamber is thought to interact with fuel that impacts the surface, either due to fuel pooling
or impinging fuel jets from direct injectors. However, no experiments have attempted to
isolate and quantify the impacts of surface roughness and open porosity on Low
Temperature Combustion emissions and thermal efficiency. Therefore, a piston crown will
be grit-blasted to achieve a very high roughness level and its impact will be characterized
in the HCCI research engine. A similar investigation will be performed using a piston with
a porous, plasma sprayed aluminum layer, with goal of enhancing the understanding of
results obtained with YSZ-SP coating.
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Assess Alternative Coating Materials to Further Reduce Thermal Conductivity
An alternative approach for enhancing the temperature swing behavior is
application of alternative coating materials instead of introducing greater porosity. While
Yttria-Stabilized Zirconia is a very good and widely adopted thermal insulator, there are
other choices with an even lower native thermal conductivity. This will provide an
opportunity to achieve greater temperature swings, and higher resultant reductions in
combustion heat transfer with a relatively dense material, thus potentially achieving a more
durable coating. Of course, candidate materials also need to be suitable for plasma-spray
application to an aluminum surface, and able to withstand the stresses induced by cyclic
changes of pressure and temperature in the cylinder. The single-cylinder experiments will
characterize the impact of a selected advanced material otherwise used in aerospace
systems on emissions, combustion efficiency and thermal efficiency of the HCCI engine
cycle.

Quantify the Kinetic Impacts of Catalytic Coatings on Combustion Efficiency and LTC
Operation
The material design space will be expanded further to include catalytic materials as
another avenue for further improvements in combustion efficiency. Catalytic coatings have
been used in spark ignited engines in the past to lower unburnt emissions and stabilize lean
combustion. The low temperature environment in LTC engines provides a unique
challenge of finding a catalyst active at suitably low temperatures. Advancements in low
temperature catalysts has enabled hydrocarbon and carbon monoxide oxidation activity in

18

the range of LTC wall temperatures. However, the catalytic oxidation of fuel will impact
chemical-kinetics driven LTC very differently than typical SI combustion. The additional
heat and radical species developed by catalysis is anticipated to cause more rapid
combustion and additional benefits in efficiency and emissions when combined with LTC.
One aim of this investigation is to develop a tool capable of predicting the impact catalytic
coatings have on emissions reduction and ultimately combustion efficiency under LTC
operation with a range of different engine operating parameters (i.e. substrate temperature:
TBC vs. metal, load, and engine speed). The lack of experimental data on catalytic coatings
in LTC, combined with additional potential efficiency benefits motivates the use a catalytic
coating in an LTC engine. In this group of experiments, a piston coated in a lowtemperature catalyst coating will be investigated in an HCCI engine to characterize the
effects on combustion, emissions, and efficiency.
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CHAPTER THREE
EXPERIMENTAL SETUP AND TECHNIQUES

This section first details the equipment and experimental setup used in this
investigation, including a detailed explanation of the engine setup and its associated
systems. This chapter will then cover the experimental techniques applied to collect and
process the data.

HCCI Engine System
The experimental setup will be discussed in detail in this section. A modified
Ricardo Hydra single-cylinder engine (Figure 3.1) is used in this set of experiments. It has
a prototype cylinder head to accommodate a higher 12.5:1 compression, direct fuel
injection, and a “rebreathe” style exhaust camshaft. This engine is modified to operate
under gasoline HCCI, and relies on compression to produce pressures and temperatures at
TDC conducive to gasoline autoignition. The rebreathe camshaft has a second peak on the
cam lobe intended to reopen the exhaust valves during the intake stroke, causing the engine
to re-induct hot exhaust gas. The hot residual is typically 45% of the total charge mass by
weight. This hot exhaust gas serves to warm the cylinder charge and help promote higher
temperatures at TDC and autoignition. The internal EGR provided by the re-breathe
camshaft is also intended to provide dilution for the charge, limiting peak combustion
temperatures and slowing the rate of combustion. Additional engine geometry is provided
in Table 3.1.
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Engine
Bore / Stoke
Engine Displacement
Compression Ratio
IVO / IVC timing
Main EVO / EVC timing
2nd EVO / EVC timing
Injection timing
Fuel Delivery

Single Cylinder, 4-Valve
86.0 mm x 94.6 mm
0.549 Liters
12.5:1
350° ATDC / 132° BTDC
130° ATDC / 352° BTDC
326° BTDC / 189° BTDC
333° BTDC Typical, 270-360° BTDC capable
Direct Injection, 70° cone angle with a 20° offset,
or Fully Premixed with vaporizer, 1500 PSI

Table 3.1: Engine Geometry and Timing Information [34].

Figure 3.1: Single-cylinder HCCI engine setup, viewed from the front
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Intake System
Air is delivered to the engine by first passing compressed air through a pressure
regulator and then through critical orifice system. A small 1/8th inch orifice is used to choke
the flow coming out of the compressed air system, which provides a stable, known airflow
for a given pressure drop. The amount of airflow is changed by adjusting the pressure drop
over the orifice.
The air then passes downstream through a Fox Thermal Instruments FT2 air
flowmeter. The measurement range of the meter is 0-22.35 g/s, with an error of ±0.2% of
full scale, or ±1% of the reading [35]. With maximum typical airflows of 4 g/s, this
corresponds to an error of 0.044 g/s in air mass flow.
Afterwards, the air can be directed to either a fuel vaporizer, or straight into a large
intake plenum using a backpressure valve. When operating under premixed conditions, part
of the flow is forced through the vaporizer over a small, heated pool of fuel where it
evaporates and is carried into the intake plenum, seen in Figure 3.2. More details will be
provided in the “Vaporizer” section in this chapter. Under direct injection (DI) operation,
the backpressure valve is left open so the intake airflow bypasses the heated fuel vaporizer
(Figure 3.2).
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Backpressure
Valve

To Intake
Plenum

Figure 3.2: Airflow paths bypassing the vaporizer and through it during premixed
operation, direct-injection operation bypasses the vaporizer entirely.

The intake plenum has a 2.7 kW heater internal heater for DI operation and an
external 2.3 kW external wrap heater for premixed operation, both units are controlled by
an Omega process controller. The use of an external heater during premixed operation
serves to keep the premixed fuel-air charge away from possible sources of ignition. In the
intake plenum, the air is heated to 90°C to help autoignition and provide control over
combustion phasing. Cooled external exhaust gas recirculation (EGR) can be added
upstream of the intake plenum, if additional control over combustion phasing is needed.
The routing of the external EGR pipe and its length provide an adequate amount of time to
cool below the intake temperature before entering the intake plenum. As such, the fresh air
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and EGR mixture is heated to the same temperature before entering the intake runner.
Intake pressure is measured in the runner by a Kistler 4007A pressure sensor, which is
temperature compensated up to 200°C. Total uncertainty for the intake pressure sensor is
given as a 1% maximum of the full scale measurement, which for a 0-5 bar measurement
range, is ±0.05 bar [36].
The cylinder head is equipped with a tumble port and a swirl port, with a swirl
control valve (SCV) in the intake runner to block off the swirl port. This valve was left
open for the duration of this investigation, and thus the cylinder had both tumble and swirl
flow.

Fuel System
The engine can either be run with direct injection, or fully premixed. The direct
injector is oriented 43 degrees from horizontal and 20 degrees off the plane of the intake
manifold due to space constraints with the intake runner (Figure 3.3). As such, the fuel
injector has a 20° offset single-hole nozzle that provides a 70° spray cone. Under direct
injection, the injector typically fires at 333 degrees before TDC firing, which provides
adequate time for the air-fuel mixture to become well-mixed. However, this timing can be
adjusted via the setpoint controller developed by General Motors and fed through a
prototype Bosch ECU to the injector. A range of 360 degrees to 270 degrees before TDC
firing was used to investigate the impact of varying levels of fuel impingement on
emissions and combustion with different surface characteristics.
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Figure 3.3: Fuel injector orientation in the cylinder head, with a dashed line showing the
fuel injector centerline and spray cone angle.

Alternatively, fuel is sprayed into the heated bowl of the vaporizer, where it
evaporates and is carried into the engine by air flowing through the vaporizer. This
facilitates fully premixed operation, which is used to investigate the interaction between
fuel impingement, coating roughness, open porosity, and potential effects on combustion
and emissions. Details on the vaporizer are provided in a later section of this chapter.
Fuel specifications for the Gage Products 91 RON (P/N 40665) gasoline used in
this set of experiments are given in Table 3.2 below. In every experiment the fuel injector
cleaner Techron was mixed with the gasoline to a ratio of 1 ounce per gallon to slow the
buildup of CCDs during data collection. The fuel is stored in a 2.5 gallon piston
accumulator and is pressurized to 10.4 MPa with nitrogen. Fuel flow measurements are
provided by a Max Machinery P213-611-000 piston flowmeter and P295-000-000 analog
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transmitter. Uncertainty in the fuel flow measurement is ±0.2% of the reading or better
[37]. Typical fuel flow values range from 9.8mg per cycle to 11.2 mg per cycle, so the total
uncertainty in the fuel flow measurement is roughly ±0.02 mg/cycle.
Density [kg/m3]
Formula
Carbon wt. [%]
Hydrogen wt. [%]
H:C Ratio
Molecular wt. [per C atom]
Composition

740
C8H15
86.4
13.6
1.875
13.885
7.90% Olefin
21.9% Aromatic
70.3% Saturate
RON / MON
91.5 / 84.0
(R+M)/2
87.8
LHV [MJ/kg]
43.7
Stoichiometric Air-Fuel ratio 14.65
Table 3.2: Gage Products 91 RON fuel properties [38].

Exhaust System and Lambda Measurements
The rebreathe-type exhaust camshaft is intended to introduce hot residual to aid
autoignition. The amount of hot residual re-inducted into the engine depends on the exhaust
backpressure, which is adjusted such that the residual is 45% of the total cylinder mass at
2000 RPM and 11mg/cycle fueling. Control over the backpressure is achieved by means
of a gate valve mounted downstream of the muffler in the exhaust. Residual fraction
estimates are provided by the state estimation method, given by Equation 4.1 below [7].
Exhaust pressure measurements between 0 and 5 bar absolute are made in the exhaust
runner by a water cooled Kistler 4045A sensor.
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𝑚𝑟𝑒𝑠 =

𝑃𝑐𝑦𝑙,𝐸𝑉𝐶 𝑉𝐸𝑉𝐶
𝑅𝑇𝑒𝑥ℎ

(4.1)

Exhaust air-fuel ratio measurements are provided by a Bosch LSU 4.9 wideband
lambda sensor and an ETAS ES630.1 lambda module. The system can measure
equivalence ratios from 0.06 to 1.67. The uncertainty of the lambda sensor is given as
±0.7% at an equivalence ratio of 1, up to ±3.0% at an equivalence ratio of 0.588 [39]. The
accuracy of the lambda module is given as 1 μA plus 0.1% of the measured pump current
[40]. This translates to an uncertainty of ±0.02% at an equivalence ratio of one and ±0.17%
at an equivalence ratio of 0.588. Additionally, these lambda measurements are assumed to
be taken at ambient pressure conditions, however the use of a backpressure valve causes
higher than ambient pressures at the lambda sensor location. The pressure correction curve
shown in Figure 3.4 was used to account for the higher exhaust pressures [41].

Figure 3.4: LSU-4.9 lambda sensor pump current pressure correction [41].
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Gaseous HC, CO, CO2, O2, and NOx emissions are measured by a Horiba Mexa7100D EGR system. Additional air-fuel ratio measurements and combustion efficiency are
calculated from the emissions provided by the analyzer [42]. The possibility of charge
stratification and changes in fuel impingement during the experiments on roughness and
open porosity also necessitated the use of particulate measurements, as this would provide
further evidence of conditions inside the combustion chamber. A Cambustion DMS500 is
used to provide particulate size and concentration measurements. Additional particulate
mass concentrations are provided by an AVL Microsoot Sensor to verify particulate
measurements for the GdZr, YSZ, and YSZ-CCC coatings due to unanticipated particulate
emissions behavior. More detailed information on these emissions systems are provided
later in the “Test Cell Systems” section.

Heat Flux Measurements
The engine is equipped with a pair of fast-response heat flux probes mounted in the
cylinder head, as indicated in Figure 3.5. They can provide combustion chamber surface
temperature and heat flux measurements. During experiments with coatings, the pulleyside head flux probe (left probe in Figure 3.5) is covered with the coating, which enables
heat flux measurements through the TBC. Using an inverse conduction solver [43,44], it is
possible to reconstruct the temperature and heat flux at the coating surface and shed light
on the impact of TBCs on in-cylinder processes. The inverse conduction technique will be
detailed in the “Methodology” subsection of this chapter.
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Figure 3.5: Diagram of the cylinder head showing the locations of the fuel injector and
Vacuum deposited junctions 10 microns thick.

Two different designs of heat flux probe were utilized during this study due to
availability and lead time constraints. Despite the different probe construction and types,
both probes have two J-Type thermocouples, one on the surface, and one recessed into the
probe to provide heat flux measurements. The accuracy of the probes is given as the greater
of 2.2°C or 0.75% [45]. Typical head-side temperature measurements are made in the 130150C region, so the temperature measurement uncertainty is ±2.2°C [46].
The probe from Medtherm Corporation is of a coaxial construction, with an inner
constantan wire insulated by a dielectric and an outer iron sheath. A cross section of the
heat flux probe is shown in Figure 3.6. The ends of the probe are covered in a J-type
thermocouple layer that is vacuum deposited to a thickness of 10 microns. The low
thickness of the thermocouple junction is responsible for the near-microsecond response
times [19,20,46]. It has been shown that the response speed is sufficient to provide
temperature measurements at 0.5 degree intervals at 2000 RPM [47,48]. Heat flux
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calculations using the Fourier method are also possible due to the 4mm separation between
the frontside and backside J-type junctions [46].

Figure 3.6: Medtherm coaxial style fast-response heat flux probe [19].

The second probe design from IR Telemetrics utilizes a 3-wire design with a
slightly off-axis backside thermocouple junction, seen in Figure 3.7. The surface junction
is formed by a thin platinum wire that is laser-welded to a pair of J-type leads. A second
pair of J-type leads form a junction on the side of the probe, recessed 4mm from the surface
junction. It should also be noted that the surface and backside junctions share a common Jtype lead. The main body of the probe is made of 304 stainless steel. The magnitude of the
temperature measurement at the front surface is improved by the lower thermal
conductivity nature of the IR Telemetrics probe body.
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Figure 3.7: IR Telemetrics 3-wire fast response heat flux probe.

Test Cell Systems
Coolant and Oil Temperature Control
Coolant and Oil temperatures provide an additional method of controlling LTC
combustion phasing, however this has additional impacts on heat transfer and thermal
stratification [18]. Both temperatures are fixed at 95°C for this set of experiments to limit
experimental variability. The temperature references for each of the controllers is taken
just before entering the engine block ensuring accurate engine temperatures. The coolant
and oil conditioning loops each have a 4.3 kW heater and individual heat exchanger
connected to chilled process water for regulating the stream temperatures.

Dynamometer
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The test cell is equipped with a 100 horsepower Baldor AC motor to absorb the
power generated by the HCCI engine. In addition the motor is used to spin the engine
during startup to give time for the intake air to reach the setpoint temperature and to check
the peak motoring pressure prior to firing. The dynamometer is configured with a speed
control function that varies the motor load to maintain the desired engine speed.

Horiba Mexa-7100D EGR for Gaseous Emissions Measurements
Gaseous HC, CO, CO2, O2, and NOx emissions are measured with a Horiba Mexa7100D EGR emissions analyzer (Figure 3.8) and a sampling probe in the muffler.
Emissions measurement ranges and uncertainties are given in Table 3.3 for each sampled
species.
Measurements of CO and CO2 concentrations are performed measured by an AIA722 non-dispersive infrared detector, while the oxygen concentration in the exhaust is
measured by a MPA-720 magneto-pneumatic detector. Total hydrocarbon concentration is
measured by a FIA-725A flame ionization detector, or FID, and is reported on a C3 basis.
It is important to note that the concentration reported by this analyzer is for all HC species
present. Lastly, NOx concentration measurements are provided by a CLA-720MA flame
ionization detector.
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Figure 3.8: Horriba MEXA-7100D EGR Analyzer Rack (left) and Oven Unit (right).

Species Measurement Range
CO2
CO
HC
NOx
O2

0-20% Volume
0-2% Volume
0-6000 PPM C3
0-400 PPM
0-25% Volume

Uncertainty
Total Uncertainty
% Full Scale
0.20% Volume
± 1%
± 1%
0.02% Volume
± 1%
60 PPM C3
± 2%
8 PPM
± 1%
0.25% Volume

Table 3.3: Mexa-7100D species measurement ranges and measurement error

The emissions measurements can also be used to provide secondary air-fuel ratio
measurements and compute combustion efficiency [42]. Lastly, the analyzer can measure
intake CO2 concentrations and determine the external EGR percentage using Equation 4.2
below.
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[𝐸𝐺𝑅] =

[𝐶𝑂2 ]𝑖𝑛𝑡 − [𝐶𝑂2 ]𝑏𝑘𝑔𝑛𝑑
[𝐶𝑂2 ]𝑒𝑥ℎ − [𝐶𝑂2 ]𝑏𝑘𝑔𝑛𝑑

(4.2)

Cambustion DMS500 for Particulate Measurements
Particulate measurements are taken from the exhaust by a Cambustion DMS500
particle spectrometer, which provides information on particulate size and concentration
(Figure 3.9). The Differential Mobility Spectrometer, or DMS, is capable of measuring
particulate sizes from 5 nm to 1 micron in size.

Figure 3.9: Cambustion DMS500 particle spectrometer.

An external vacuum pump is used to draw the exhaust sample through the DMS.
Prior to the sample reaching the classifier, the aerosol charger (Figure 3.10) imparts an
electrostatic charge to the particulates. The path of the charged particulates is then deflected
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by a charged high voltage electrode, and each particulate eventually impacts one of the 22
measurement rings [49]. The path each particle takes is dependent on the size of the particle
and the electrostatic charge. When the particulates impact the electrometer rings, the
electrostatic charge is transferred to the ring, creating a signal on the order of femtoamps.
As such, the DMS is able to measure concentration of particulates and their sizes.

Figure 3.10: Detailed view of Differential Mobility Spectrometer classifier and theory of
operation [49].

It is possible to compute the mass concentration of the particulates by assuming
that particulates from gasoline direct injection engines is perfectly spherical. This is true of
small, individual particulates, but larger particle sizes are typically due to agglomerated
chains of particulates that form, so this assumption breaks down with larger particulate
sizes [9]. However, the accuracy of the mass estimation is consistent with the dedicated
mass concentration measurements made by the AVL Microsoot detailed in the following
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section. The estimation of particle mass (μg/particle) from particle diameter (nm) is given
below by equation 4.3 [50].
𝑀𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 5.2 ∗ 10−16 ∗ 𝐷𝑝3

(4.3)

Uncertainty of measurements provided by the DMS are ±10% of the reading for
particle size, and ±20% of the particulate count for each of the 38 particle size bins.
Additionally, the noise floor is shown in Figure 3.11, which decreases with increasing
particle size. Soot measurements during this set of experiments were sampled at 10Hz, so
the signal to noise ratio is slightly increased.

Figure 3.11: DMS concentration noise floor as a function of particle size and
measurement frequency [49].

AVL Micro Soot Sensor for Particulate Mass Measurements
Additional information on the particulate mass concentration is available from the
AVL Micro Soot Sensor (Figure 3.12). It relies the photoacoustic method to measure the
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mass concentration. Soot acts as very similarly to a blackbody, so periodic illumination
from a laser source will cause a cyclic heating and cooling of the particle [51]. This heating
and cooling of the soot particulates causes the nearby gas to expand and contract, creating
a sound wave with an intensity proportional to the total soot mass concentration. This sound
wave is then picked up by microphones and reported. The Microsoot Sensor is capable of
measuring concentration levels from as low as 1μg/m3 to 50 mg/ m3. Combined with an
accuracy of 3% of the measurement, this translates to a measurement uncertainty of 0.03
μg/m3 to 1.5 mg/m3 of soot concentration [51].

Figure 3.12: AVL Micro Soot Sensor system.
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Vaporizer Design
Operating fully premixed enables control over fuel impingement and charge
stratification effects for investigating the effects of surface characteristics on combustion.
However, due to the hardware limitations with the engine setup, the engine lacked this
capability; so a system was fully designed, built, and validated. The final vaporizer system
can be seen installed on the engine in Figure 3.13.

Figure 3.13: Installed and insulated fuel vaporizer with an additional preheater under the
black insulation on the upper pipe.

The temperature of the vaporizer is adjustable, but it is set to the saturation point of
the fuel plus an additional 20 degrees. The fuel used in this study fully evaporates at 205°C,
so the temperature setpoint is set to 225°C. An Omega process controller maintains the
temperature of the vaporizer through an 850W band heater mounted on the outside of the
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vaporizer bowl. A thermocouple is mounted just below the vaporizer bowl so that it
measures the bowl temperature close to where fuel is evaporating, thus enabling accurate
vaporizer temperature control. Creating a backpressure over the vaporizer with a butterfly
valve (Figure 3.2) causes a constant stream of air to flow through the vaporizer. However,
the amount of air is kept low to keep the mixture above the rich flammability limit and to
prevent fires in the vaporizer. As the air flows through the vaporizer, fuel is sprayed into
the vaporizer bowl by an injector identical to the one used in the engine (Figure 3.14). The
intake pipe extends into the bowl of the vaporizer to force air over the heated pool of fuel
and prevent short-circuiting. The thermocouple at the bottom of the bowl for providing
vaporizer temperature feedback to the heater controller is also visible in Figure 3.14.

Figure 3.14: Cross section of the vaporizer bowl and detailed gas flow. Note the
thermocouple mounted directly underneath the bowl to measure the vaporizer
temperature
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The cavity in the bowl was sized so that the fuel has greater than 10 engine cycles
to evaporate and mix with the air. Refer to Appendix A for a detailed walkthrough and the
equations used to size the vaporizer bowl. The final size chosen was a bowl 3.5 inches in
diameter, and 2 inches in depth. CAD Drawings of the vaporizer parts are shown in
Appendix B. For safety, the vaporizer has a high-flow pop valve that automatically opens
when pressure exceeds 30 PSI to prevent a rapid pressure buildup. Additionally, the intake
plenum has an external wrap heater to prevent the air-fuel mixture from coming in direct
contact with a hot heater surface.
A few problems were identified in the course of troubleshooting the vaporizer. The
first problem was that the Teflon O-ring placed between the cover and the bowl of the
vaporizer failed to seal. A flat copper gasket was installed to fix the high temperature
sealing issues. The second issue concerned the inability to discern the amount of airflow in
the vaporizer. This issue was remedied by installing a differential pressure gauge and
providing 5 inches of water pressure (0.18 PSI) between the inlet and outlet of the vaporizer
at 2000 RPM, ensuring adequate and consistent airflow through the vaporizer.
Lastly, there was a problem with the heavier fuel components re-condensing on the
outlet of the vaporizer and falling back into the bowl, causing a tar to form as it was heated.
Remnants of this tar can be seen in Figure 3.15. As this layer formed, it insulated the bottom
of the vaporizer bowl and kept it from heating the fueling being injected, lowering the
outlet temperature and further contributing to the buildup of tar.
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Figure 3.15: Tar residual from re-condensed and un-evaporated fuel.

The outlet temperature was increased by wrapping an additional pre-heater around
the intake pipe to warm the air entering the vaporizer and increasing the vaporizer
temperature from 225C to 235C. As a result, the vaporizer outlet temperature was raised
from 154°C at 2000 RPM to nearly 180°C. After this change was made, substantially less
tar was seen in the bowl of the vaporizer.

Plasma Spray Process
The coatings used in this set of experiments were developed and sprayed by Dr.
Eric Jordan at the University of Connecticut with funding provided by the joint NSF/DOE
Partnership on Advanced Combustion Engines grant number 1258714, “Thermal Barrier
Coatings for the LTC Engine – Heat Loss, Combustion, Thermal vs. Catalytic Effect,
Emissions, and Exhaust Heat”. This section will discuss the Air-Plasma Spray (APS) and
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Solution Precursor Plasma Spray (SPPS) processes used and their impacts on coating
design.

Air-Plasma Spray Coating Process
A major use of thermal barrier coatings is to protect the metal components in the
high temperature environments of gas turbines. The use of thermal barrier coatings can
reduce the temperature of the underlying metal component by 100°C to 300°C in this
environment [52–54]. A common thermal barrier formulation is 7% Y2O3 and 93% ZrO2
by mass, or 7% Yttria-Stabilized Zirconia, commonly abbreviated as YSZ [52,53,55,56].
Thermal barrier coatings made of YSZ are common due to its relatively high coefficient of
thermal expansion, low thermal conductivity, and high fracture toughness [52,57]. Its
favorable properties make it an excellent choice for this study.
One of the two processes used to create coatings for this set of investigations was
the Air-Plasma Spray (APS) technique. The APS process uses a plasma jet with
temperatures nearing 10,000 K to melt ceramic powders and project them at the substrate
surface at high speed [53,54,56–60]. The high temperature of the plasma jet melts the
coating particles which flatten into “splats” of 50 to 100 microns in size after impacting
the substrate [52,53,56,58]. The accumulation of these large “splats” build up the thermal
barrier layer [53,56]. The reason these splats are so large is mainly due to the 10-100 micron
particle size requirement that can be fed into the plasma gun [54,60]. A byproduct of the
large particle size is that APS coatings typically have an average roughness between 9 and
10 microns [60].
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A distinctive feature of APS coatings is the formation of large pores, or voids,
created between the splat layers, which can be visualized as “planar” porosity running
parallel to the metal surface [53,55–57]. These large pores are visible in the magnified
cross section of the APS-YSZ coating in Figure 3.16. The voids are due to only 40% of the
surface area between splat layers bonding [56]. They help to make the conduction path
perpendicular to the coating layers more tortuous; leading APS coatings to have slightly
lower conductivity than coatings with evenly distributed porosity and a lack of these large
voids [55–57]. While this makes for a better thermal insulator, one major drawback to the
presence of these voids is that they can initiate crack propagation, and can ultimately lead
to coating spallation and failure under repeated thermal cycling [56,57,60]. Despite the fact
this suggests that APS coatings are not ideal for a cyclic in-engine environment, the dense
YSZ coating first used in this set of experiments has experienced over 200 hours of firing
time with no measureable coating loss.

Figure 3.16: Microstructure of an APS coating, with arrows indicating the microcracks
present at “splat” boundaries [55].

Solution Precursor Plasma Spray Coating Process
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The Solution Precursor Plasma Spray (SPPS) process deviates slightly from the
standard APS process. Instead of injecting ceramic powders into the plasma gun, liquid
precursors of metal salts are sprayed into the plasma jet, where they undergo chemical
reactions and physical changes that result in molten coating particles [52–60]. Two major
advantages of using liquid precursors are the ability to rapidly change the precursor
proportions to create new coating formulations and the ability to include additional coating
components, such as catalyst dopants or other metal oxides [54,57,59].
The unique characteristics of the solution precursor plasma spray process also
confers additional advantages to plasma sprayed coatings. Two benefits are the creation of
small precursor droplets that lead to more diminutive splat sizes between 0.5 and 2 microns
and a greater bonding area between the coating layers [52–58,60]. The smaller precursor
droplets also create smaller 50-200nm pores that are more uniformly distributed throughout
the coating [54–58]. Another distinct feature of the SPPS process is the creation of large,
through-thickness cracks that improve strain tolerance [54–58]. The combination of
improved bonding strength between the coating layers and stress-relieving vertical cracks
can increase the thermal cyclic life up to 250% over the traditional APS process [52,56].
Additionally, the smaller splat sizes cause a lower 3-4 micron average surface roughness
which is much lower than typical APS coatings [60].
The setup of the SPPS system is detailed in Figure 3.17. The precursors are
delivered by means of pressurized storage tanks to a spray nozzle [52]. After the liquid
precursors are atomized into the plasma jet, the high temperature causes the precursor
solvent to evaporate. As the droplets get farther away from the spray nozzle, they break up
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further and the precursor solute precipitates, causing the dissolved metal salts to re-form
[54,58,59]. The heat from the plasma jet then causes these compounds to pyrolize, or
decompose, forming the ceramic material, which afterwards sinters and melts [54,58,59].
The result of this physical and chemical process is molten ceramic that is sprayed at the
substrate.

Figure 3.17: Solution Precursor Plasma Spray setup showing the precursor storage tanks,
the injector nozzle, the plasma jet, and the metal substrate [54].

Selection of coating precursors is highly important to the overall SPPS process. The
evaporation of the solvent requires a large amount of energy, so precursors that decompose
exothermically are chosen, since this helps to heat the ceramics closer to the melting
temperature [52,60]. Figure 3.18 shows the net exothermic heat output for two common
YSZ precursors: zirconium acetate and zirconium propionate [52,53,57,58,60]. These are
used in conjunction with either yttrium nitrate hexahydrate, or yttrium nitrate in ethanol.
The advantage of using ethanol is that the precursors evaporate quicker and more fully
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pyrolized material reaches the surface [52]. In addition, precursors that decompose at low
temperatures are desired, since this causes the ceramic particles to heat up earlier in the
plasma jet and provides sufficient time to melt [52].

Figure 3.18: Heat balance for YSZ precursors, showing highly exothermic behavior
which helps with melting coating particles [52].

The evolution of the precursor droplets during the SPPS process is sensitive to the
temperature history of the plasma jet. While the entire process is complete in hot core of
the plasma jet, the precursors in the colder jet periphery are only partially pyrolized [52–
54,58,59]. The entire process and its temperature-location dependence are shown in Figure
3.19. The variation in plasma jet temperature and precursor spray pattern results in a
combination of a dense ceramic at the center of the spray and a more porous ceramic at the
edge due to partial pyrolysis of the precursors, shown in Figures 3.19-20.
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Figure 3.19: Physical and chemical processes and their level of completeness as a
function of location within the plasma jet [58].

Figure 3.20: Plasma jet temperature zones, with partially pyrolized material leading to
porous coatings in zones I and II, and fully pyrolized material creating dense
coatings in zone III. Temperature decreases from zone III to I [52].

The raster motion of the plasma gun over the substrate naturally creates a layering
of dense and porous layers by overlapping zones I and II with III (Figure 3.20) [52,54,58].
If the raster distance is reduced during the spray process, more distinct layers of alternating
low and high porosity are formed, as seen in Figure 3.21. The coating material between
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these porosity structures are called Inter-Pass Boundaries, or IPBs [52,56]. Inter-Pass
Boundaries are effective in bottlenecking the flow of heat through the coating, lowering
the conductivity.

Figure 3.21: Magnified view of Inter-Pass Boundaries [61].

By organizing the porosity more strongly into layers, it is possible to lower the
conductivity of a coating further [52]. Increasing the level of structuring in the porosity, as
in Figure 3.22, creates smaller inter-pass boundaries and a lower thermal conductivity. A
study was performed to optimize the plasma spray parameters used to create consistent
inter-pass boundaries, the best spray parameters were those found in Figure 3.23. Using
these parameters, it was possible to create twenty SPPS coatings with IPBs that had a
thermal conductivity of 0.623W/m-K with a standard deviation of 0.052 W/m-K [52].

Figure 3.22: Effect of porosity organization on thermal conductivity [52].
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Figure 3.23: Optimized plasma spray parameters to create IPBs [52].

The versatility of the SPPS process enables a wide variety of coatings to be made.
Everything from doped coatings to low-conductivity thermal barrier coatings with interpass boundaries. In the scope of this research, lower conductivity coatings with structured
porosity were made out of both yttria-stabilized zirconia and gadolinium zirconate. In
addition, the SPPS process was leveraged to create a low cost, low temperature catalyst
containing cobalt, copper, and cerium oxides.

Coating Thickness Measurements
Coating thickness measurements were made using a Fischer Scientific MP20
Dualscope. For measurements over an aluminum piston or stainless steel IR Telemetrics
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heat flux probe, an ETA3.3H eddy current probe was used, which has an uncertainty of
0.25 microns for thicknesses from 0 to 50 microns, and 0.5% for 50 to 800 microns [62].
Typical coating thicknesses in this study are up to 240 microns, which means the
uncertainty is between 0.25 to 1.2 microns. The eddy current probe uses a high frequency
alternating current over a single measurement/excitation coil to create a magnetic field and
eddy currents in the substrate material [62]. The eddy currents oppose the change in
direction of the magnetic field, which impacts the amount of current exiting the
measurement/excitation coil. The magnitude of the difference in the amount of current
entering and exiting the coil is a function of the distance from the substrate, and thus
coating thickness.
For measurements over the ferrous Medtherm heat flux probes, an EGAB1.3
magnetic induction probe was used, which has an uncertainty of 0.5 microns for
thicknesses between 0 and 100 microns and an uncertainty of 0.5% for 100-1000 micron
thick coatings [62]. As with before, the uncertainty is 0.5 to 1.2 microns for coatings in this
study. This probe uses alternating current over a coil to produce a low frequency magnetic
field [62]. The strength of the magnetic field is picked up by a secondary measurement coil
in the probe and its strength decreases as a function of increasing distance from the
substrate. The measured thicknesses of the coatings for the pistons and heat flux probes are
located in Appendix C.

Surface Roughness and Porosity Creation and Characterization
Roughness
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While thermal barrier coatings have an innate roughness due to the plasma-spray
process, the thermal insulation effect adds an extra dimension to the investigation of
surface roughness effects on LTC. As such, to isolate the impact of coating roughness,
there need to be ways to both create and characterize surface roughness. In this study, a
rough surface was created by grit blasting the crown of a piston. The use of grit blasting
helps to avoid anisotropic, or directional roughness, such as that caused by sanding.
Likewise, sanding would not have provided an adequate level of roughness to mimic a
TBC.
Prior to roughening the piston, a sample was created from a 6mm thick 6061
aluminum plate. The sample was first grit blasted at pressures between 30 and 120 PSI
with 22-mesh aluminum oxide grit from Kramer Industries, Inc. Next, the resulting surface
roughness was measured using a Mahr PocketSurf PS1 handheld profilometer, which uses
a 2 μm spring-loaded stylus to measure changes in surface height [63]. All surface
roughness measurements were taken at 7 points over a 5.6mm stylus drag length. The
roughness results on the aluminum are shown as a function of spray pressure in Figure
4.26. An average roughness near 12.5 microns was achieved at 120 PSI, which is close to
the typical 9-10 micron coating roughness for APS coatings [60].
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Figure 3.24: Surface roughness from grit blasting a 6061 Aluminum sample with 22 grit
alumina

After demonstrating that the sandblaster could repeatedly create an adequate level
of roughness on an aluminum surface, the piston was sprayed next. The piston skirt and
ring lands were first masked off and then the crown was blasted with 22 grit alumina at
120 PSI. The Roughness was measured five times at each of three locations on the piston
crown, seen in Figure 3.25, averaged, and compared with other plasma sprayed coatings.
The average roughness Ra and average peak-to-valley roughness Rz from measurements
for each of the three locations are displayed in Table 3.4. The average of the 15 individual
measurements were used to create a global average roughness. The global surface
roughness of the grit-blasted aluminum piston was 12.2 microns Ra, which is slightly
higher than the roughest plasma sprayed coating investigated (YSZ with structured porosity
or YSZ-SP).
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3

2

1

Figure 3.25: Roughness measurement locations on roughened piston

Piston
Metal
20% Porous
Rough
YSZ
YSZ-SP
GdZr-SP
YSZ – CCC

Global Average
Ra / Rz (μm)
1.0 / 8.0
11.2 / 57.2
12.2 / 63.6
6.8 / 36.5
9.0 / 45.0
8.7 / 44.0
6.4 / 35.0

Location 1
Ra / Rz (μm)
0.8 / 6.3
11.2 / 56.2
11.8 / 59.5
6.5 / 34.3
9.5 / 46.9
9.2 / 42.6
6.0 / 33.1

Location 2
Ra / Rz (μm)
0.8 / 5.3
10.9 / 55.4
12.8 / 69.4
7.2 / 38.1
9.3 / 46.9
8.6 / 46.4
7.1 / 38.0

Location 3
Ra / Rz (μm)
1.6 / 12.4
11.4 / 59.4
12.1 / 62.3
6.8 / 37.1
8.4 / 42.1
8.3 / 43.0
6.0 / 33.8

Table 3.4: Roughness measured for different piston surfaces

Porosity
In the course of this study, one of the major objectives is to isolate the impacts of
porosity on LTC. While thermal barrier coatings are porous by nature, they also have an
additional thermal impact on combustion in HCCI engines. In order to remove this
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unwanted effect, a porous metal coating was made. An air-plasma sprayed aluminum
coating with 20% porosity was applied to the crown of a piston, seen in Figure 3.26, and
to a witness sample. A witness sample is a metal coupon sprayed with a coating at the same
time as the piston. It serves as a sample that can be characterized for porosity, roughness,
and thermal conductivity. In order to measure the porosity, the metal coupon is first
removed from the coating. Second, the immersion-density (Archimedes principle) is used
to determine the density of the coating alone [57]. This is then compared with the density
of the non-porous material. The relative difference between them gives the porosity level
of the coating. Thermal barrier coatings investigated in this study ranged from 8% to 25%
porosity, so the 20% porous aluminum coating is representative of typical thermal barrier
coatings.

Figure 3.26: Piston with 20% porous aluminum coating
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Experimental Techniques and Post-Processing Routines
Post Processing of Instantaneous Temperature Measurements
Pressure and heat flux data are collected on a 0.5 crank angle degree resolution
during engine operation. The first step in post processing is to ensemble average the cycledata over 200 consecutive cycles. The cylinder pressure is then filtered with a zero-phaseshift Butterworth filter, afterwards, cylinder pressure is pegged to the average intake
pressure within ±10° of BDC during the intake stroke. The heat release rate is then
calculated using first law analysis and the ensemble averaged cylinder pressure [9]. Heat
transfer is assessed using a modified Woschni correlation developed by Chang et al. [46]
for HCCI engines.

Heat Flux and Temperature Post Processing Using Fourier analysis and the Sequential
Function Specification Method.
Fourier analysis is used to reconstruct the measured temperatures and compute the
transient heat fluxes for the heat flux probes mounted in the head and piston. Equation 4.4
below is used to reconstruct the measured temperatures for the frontside and backside
thermocouple junctions individually [46]. 𝑇𝑚𝑒𝑎𝑛 is the average temperature over the cycle,
𝜔 is the engine angular velocity, and 𝑛 is the harmonic number. A max harmonic number
of 40 was found to be effective for reconstructing temperature and heat fluxes at 0.5 CAD
resolution [46].
𝑁

𝑇(𝑡) = 𝑇𝑚𝑒𝑎𝑛 + ∑[𝐴𝑛 𝑐𝑜𝑠(𝑛𝜔𝑡) + 𝐵𝑛 𝑠𝑖𝑛(𝑛𝜔𝑡)]
𝑛=1
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(4.4)

After the Fourier coefficients 𝐴𝑛 and 𝐵𝑛 are found using equation 4.4, the instantaneous
heat flux is computed with Equation 4.5 [46]. The variable 𝑘 is the thermal conductivity, 𝑙
is the distance between the frontside and backside thermocouple junctions, 𝑇𝑓,𝑚 and 𝑇𝑏,𝑚
are the mean frontside and backside temperatures respectively.
𝑁

𝑘
𝑛𝜔 1/2
𝑞̇ 𝑤 = (𝑇𝑓,𝑚 − 𝑇𝑏,𝑚 ) + 𝑘 ∑ [ ] [(𝐴𝑛 + 𝐵𝑛 )𝑐𝑜𝑠(𝑛𝜔𝑡) − (𝐴𝑛 − 𝐵𝑛 )𝑠𝑖𝑛(𝑛𝜔𝑡)]
𝑙
2𝛼

(4.5)

𝑛=1

When the frontside junctions of the heat flux probes are covered in a thermal barrier
coating, the frontside temperature measurement is instead at the probe-TBC interface. In
addition, the low thermal diffusivity of the coating decreases the magnitude of the heat flux
and retards the phasing relative to combustion. In order to calculate the true surface
temperature and heat flux, an inverse conduction solver developed by O’Donnell et al.
[43,44] called the Sequential Function Specification Method, or SFSM, is used. It uses
characteristics of the coating such as thickness, thermal diffusivity, and the temperatures
measured at the thermocouple junctions as boundary conditions. The solver functions by
using an initial heat flux guess, which is used to then calculate the temperatures at the
frontside and backside thermocouples. The error between the calculated and measured
temperatures is used to adjust the surface heat flux, and the solver repeats the process until
the error is minimized. A detailed discussion on the development of the technique and the
capabilities of the SFSM method are provided in [33].
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Coating Property Determination Using the Radiation Chamber
A radiation chamber built by Hoffman et al. [64] is used to compute the properties
of thermal barrier coatings. It functions by heating a graphite element to provide a radiant
heat flux up to 1MW/m2 and then “chopping” it with a spinning, slotted disk to produce a
square heat flux pulse, as demonstrated in Figure 3.28. The chamber has a nitrogen
atmosphere with no gas motion to avoid convective heat transfer. The chamber uses two
adjacent heat flux probes covered in graphite on the side opposite the graphite element.
One probe is uncoated, and measures the true heat flux, while the other probe is covered
with a TBC. The ‘true’ heat flux from the uncoated probe is used as a surface boundary
condition, along with the measured thickness of the coating and the measured temperatures
for the TBC-coated probe. The thermal diffusivity of the coating can then be determined
from these boundary conditions using the SFSM solver [43,44].

Figure 3.27: Square heat flux pulse generated by radiation chamber chopping wheel [64].
Methodology for Systematic Experimental Evaluation of the Coating’s Impact on LTC
Combustion and Efficiency

Fuel Matched Engine Operation
Under fuel-matched (FM) experimentation, combustion phasing is allowed to vary,
while other controls are held constant. Figure 3.29 demonstrates the impact of a coating on
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combustion phasing, cylinder pressure, and heat release under fuel-matched operation. The
objective is to view the real-world effects of experimental variables such as coatings,
surface characteristics, and catalysts on combustion. Under fuel-matched operation, the
exhaust gate valve is adjusted until backpressure is 3.7 kPa at 2000 RPM with 11mg of
fuel per cycle. This provides roughly 45% hot residual with the rebreathe cams. The same
exhaust backpressure valve position is used for all subsequent experiments. Under FM
conditions, the intake temperature is set to 90°C while the oil and coolant temperatures are
fixed at 95°C. All other parameters such as fueling and air-fuel ratio are kept constant at
each operating point.

Figure 3.28: The YSZ-TBC had higher A) peak cylinder pressure at 2000 RPM and a
correspondingly higher B) rate of heat release due to advanced combustion
phasing. Pintake=104 kPa, 10.3 mg fuel/cycle, 90°C Tintake, 95°C Tcoolant & Toil,
20.9-21.1 AFR, 47.7-48.9% RGF, 0% external EGR [34].

Fuel-Matched, Phase Matched Engine Operation
Allowing combustion phasing to vary adds a degree of uncertainty to some cycle
measurements, such as indicated mean effective pressure and thermal efficiency. As such,
some experiments were conducted under fuel-matched, phasing-matched (FMPM)
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operation with a fixed combustion phasing of 7 degrees aTDC. Figure 3.30 shows the
cylinder pressure and heat release rate under fuel-matched, phasing-matched operation. To
match combustion phasing with the non-TBC (control, rough, and 20% porous) pistons,
only intake temperature was adjusted. For the thermal barrier coatings (YSZ, GdZr,…)
combustion phasing was set by matching the intake temperature required for the control
piston and adding external EGR to retard combustion back to 7 degrees. The external
residual is added to the intake upstream of the intake heater, so the air and EGR entering
the engine are at the same temperature. The use of EGR is motivated by the desire to avoid
altering the temperature at IVC and consequent heat transfer, as is done with changes in
intake temperature.

Figure 3.29: Comparison of the A) Cylinder pressures at 2000 RPM and B) Rates of heat
release for the phase-matched points with CA50 at 7°CA. Pintake=104 kPa,
10.3 mg fuel/cycle, 109°C Tintake, 95°C Tcoolant & Toil, 21 AFR, 47.5% RGF
(metal), 45.6% RGF & 7.0% external EGR (APS-YSZ) [34].

Characterization of Control Parameter Effects
A detailed analysis of the effects of individual control parameters on combustion
efficiency, gross indicated efficiency, combustion phasing, and duration is provided in
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Appendix D. The conclusions drawn from this analysis are: (i) that both small deviations
and cyclic variations in fueling and intake temperature do not have a significant effect on
these parameters when compared to the effects of thermal barrier coatings and (ii) that the
use of EGR does not provide a boost to the effects of the thermal barrier coating on
efficiency and combustion characteristics.
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CHAPTER FOUR
THIN THERMAL BARRIER COATINGS FOR LTC AND THE IMPACT OF
STRUCTURED POROSITY

Characterizing TBC Temperature Behavior in an LTC Environment
Prior investigations found the thermal insulation provided by combustion chamber
deposits caused increases in thermal and combustion efficiencies of the HCCI engine. The
aim of using thermal barrier coatings with LTC is to achieve the same levels of cycle
benefits or higher, but with greater reliability, since the thickness of CCDs is constantly
changing. The temperature swing provided by the thin TBCs will reduce combustion heat
transfer and thermal stratification, thereby improving thermal efficiency and reducing the
mass in unburned zones. Additionally, the use of thin coatings will avoid the charge heating
issues that plagued thick the so called “adiabatic engine” approach, which relied on thick
coatings or inserts.
Coating design, i.e. selection of the material, thickness, and morphology, has to be
approached systematically in order to maximize the benefits. Therefore, the sensitivity of
the temperature swing to variations in the coating properties is examined first using the
FEA code. The performance characteristic of interest is the amplitude and the “sharpness”
of the surface temperature swing. A sharper swing implies faster rates of temperature
change, and can be correlated to the heat capacity of the layer. Subsequently, the guidance
generated through the FEA study will be utilized to explore the potential for improving the
coating behavior by introducing porosity in a strategic way.
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A Finite Element Analysis (FEA) model of a heat flux probe was constructed to
characterize the surface temperature response of a thin coating under LTC conditions using
prior experimental measurements of boundary conditions. The model was assumed to have
1-D heat conduction, with a bondcoat and thermal barrier layer on top of the frontside
measurement junction [31]. The FEA model with the applied boundary conditions is shown
in Figure 4.1. The surface of the coating was subjected to an experimentally measured heat
flux while the backside was given a convection boundary condition with a free stream
temperature of 95°C [31]. The convection coefficient was adjusted to match the frontside
and backside probe temperatures to the experimentally measured values. Additional
information on the setup and calibration of this model is given in [31].

Figure 4.1: Meshed finite element model showing boundary conditions and thermal barrier
coating [31].
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The model was then calibrated and used to evaluate the surface temperature of a
150 μm magnesium zirconate coating. A major finding was that the coating demonstrated
the desired temperature swing behavior, seen in Figure 4.2 [31]. The surface temperature
during gas exchange was similar to the metal wall, but there was a large increase late in the
compression stroke that persisted into the expansion stoke. When the thermal conductivity
was halved, the magnitude of the temperature swing increased from 30°C to 42°C (Figure
4.2). This result is in qualitative agreement with the findings of other simulations [29,32].
This FEA confirmed the ability of a thin coating to provide a temperature swing under LTC
conditions and provided guidance for the design and investigation of the first YttriaStabilized Zirconia TBC. Reduction of conductivity is obviously a very promising avenue
for increasing benefits, and it merits a more in-depth investigation with the aid of radiation
chamber measurements.
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Temperature swing for coating

Figure 4.2: Simulated surface temperatures for the magnesium zirconate coated piston with
standard conductivity (Coating A), and increased swing with halved
conductivity (Coating B). 2000 RPM, 𝑚̇𝑓𝑢𝑒𝑙 =12.6 mg/cycle, 19.0 AFR, 399 kPa
NMEP [31].

Next, the finite element model is used to investigate the sensitivity of a coating’s
temperature swing to thermal conductivity, thickness, and heat capacity. The results of this
study will be used to identify the properties most effective at maximizing this swing and to
guide future coating development. The study is performed using measurements taken with
a YSZ coated heat flux probe in the radiation chamber and the thermal properties provided
in Table 4.1, and a total YSZ + bondcoat thickness of 150 microns.
Performing a sweep of thermal conductivities from 2.25, 1.5, and 0.75 W/m-K for
the YSZ layer, the finite element model predicted a large increase in the temperature swing
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with decreasing thermal conductivity. The temperature swing in Figure 4.3 increased from
30°C to 36°C by reducing the thermal conductivity from 2.25 W/m-K to 1.5 W/m-K.
However, the reduction in conductivity from 1.5 to 0.75 generated an additional 18 degrees
of temperature swing. This result shows that the coating surface temperature swing is
highly sensitive to thermal conductivity as it drops below 1.5 W/m-K [29,65]. Another
notable feature, in light of the later results, is that the level of thermal conductivity does
not affect the “recovery time” of the temperature swing, such that all of the temperature
profiles return to the lowest temperature point at the same time.

Figure 4.3: Variation in the temperature swing due to changes in thermal conductivity.

Next, the surface temperature response was investigated after increasing and decreasing
the thicknesses of the bondcoat and topcoat layers by 20%. The most notable effect from
Figure 4.4 is that thicker coatings lead to reduced temperature gradients, thus shifting the
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point where the temperature swing returns to its lowest later in the cycle. Additionally, the
temperature swing increases slightly with the greater coating thickness. However, the peak
temperature only increases by 3 degrees for 20% greater layer thicknesses, and drops by
3°C for the same decrease in bondcoat and thermal barrier layer thickness. Thus, the
temperature swing for a TBC is far more sensitive to thermal conductivity than it is to
thickness. However, coatings with a greater thickness experience increased wall
temperatures during the intake stroke, which explains why thick TBCs were plagued by
excessive charge heating effects [24,25,27,29].

Figure 4.4: Change in surface temperature with simultaneously varying bondcoat and
thermal barrier layer thickness.

Next, the heat capacity of the YSZ layer was varied from 330, to 413, and 528 J/kg-K.
The primary effect seen in Figure 4.5, as expected, was to lower the response rate of the
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coating to changes in heat flux. As such, the temperature swing duration lengthened with
increasing TBC specific heat. In light of this, the total change in the peak heat flux was
roughly 6°C.

Figure 4.5: Change in surface temperature due to changing specific heat capacity.

This sensitivity study showed that the most effective way to improve the
temperature swing of a TBC is to lower the thermal conductivity. In contrast, high
coating thickness should be avoided to avoid the negative effect of prolonging the
temperature swing into the intake stroke. Regarding the heat capacity, it is important to
note that the absolute value is what really matters. Therefore, using a very thin,
potentially porous, layer will yield a low thermal mass and produce large temperature
swings. Coatings developed later in this section will attempt to simultaneously achieve
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low thermal conductivity and low thermal mass by utilizing high porosity fractions, i.e.
will focus on porosity as a potential direction for achieving advantageous TBC behavior.

Initial Investigation of a Thin YSZ Coating in an LTC Engine
The first step in the investigation of using porosity as a way to reduce both thermal
conductivity and heat capacity of the ceramic coating is establishing a baseline. The
starting point is obviously the metal piston, but a baseline case for the YSZ-coated piston
was established with a dense, or low porosity, 150μm Air-Plasma Sprayed (APS) YttriaStabilized Zirconia (YSZ) coating. The YSZ layer was estimated to have a porosity
between 8% and 15% and a thermal conductivity of 1.3 W/m-K to 1.7 W/m-K. Additional
thermal properties of the YSZ topcoat and NiCrAl bondcoat are provided in Table 4.1. The
average coating thickness was measured at 160 μm with a standard deviation of 6.9 μm.
All other YSZ coatings with varying levels of porosity will be compared to this one.
Thermal
Thermal
Porosity
Conductivity Diffusivity
(%)
W/m-K
mm2/s
APS/YSZ
Topcoat
1.3-1.7
0.5-0.64
8-15
APS/NiCrAl Basecoat
8 [66]
2.41[66]
-Process/
Material

Layer

Table 4.1: Thermal Properties of the dense APS-YSZ topcoat and basecoat layers [34].

This experiment was first performed under fuel-matched (FM) conditions, where
combustion phasing was allowed to vary. Afterwards, combustion phasing was anchored
at 7 degrees after top dead center (ATDC) using the fuel-matched, phasing matched
methodology to investigate the impact of the coating without the impacts of different
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combustion phasing. Both operating methodologies are explained in more detail in the
methodology section of the experimental setup chapter. The conditions used during the
experiment are presented below in Table 4.2. Note that the residual gas fraction is given as
a percent of the total charge mass and the dilution equivalence ratio, phi prime, is given as
the total cylinder mass (fresh air + residual + EGR) while phi is given in terms of the fresh

RPM

Fueling
(mg/cycle)

φ

φ’

RGF (%)

EGR (%)

Tintake (°C)

FMPM
FM
FMPM

YSZ Coating

Metal

FM

air mass.

1200
1600
2000

11.7
10.5
10.3

0.683
0.713
0.711

0.390
0.358
0.361

41.8
48.8
47.7

0
0
0

90
90
90

1600

10.5

0.716

0.359

48.2

0

94

2000

10.3

0.707

0.364

47.5

0
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1200
1600
2000

11.7
10.5
10.3

0.695
0.709
0.716

0.384
0.351
0.356

43.3
49.0
48.9

0
0
0

90
90
90

1600

10.5

0.716

0.344

42.3

10.8

94

2000

10.3

0.713

0.351

44.0

7.0
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Table 4.2: Fuel-matched and fuel-matched, phasing-matched operating conditions for
dense APS-YSZ coating.

The experiment conducted under fuel-matched conditions showed a significant
advancement in combustion for the cases with the YSZ coating, and this was accompanied
by higher peak rates of heat release. Combustion advanced 2.2-4.9 degrees with the coating
and combustion duration was shortened between 2.6-5.0 degrees.
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The cases using the TBC also experienced up to a 37% reduction in both HC and
CO emissions and a corresponding increase in combustion efficiency of up to 1.9%. The
changes in emissions and combustion efficiency relative to the metal baseline cases are
shown in Table 4.3. The decrease in emissions and greater combustion efficiency was
attributed to the YSZ coating reducing combustion heat transfer and warming the wallaffected regions of the charge. The result was hypothesized to be more complete
combustion in these regions and more of the charge autoigniting, which led to lower
engine-out emissions.
Engine
Speed
1200 RPM
1600 RPM
2000 RPM

Hydrocarbon
Emissions
-37.2%
-32.6%
-24.7%

Carbon Monoxide
Emissions
-34.0%
-37.0%
-29.7%

Combustion
Efficiency
1.9% ± 0.09%
1.4% ± 0.08%
1.0% ± 0.07%

Table 4.3: Change in hydrocarbon and carbon monoxide emissions with dense YSZ coating
for fuel-matched operation relative to the metal baseline [34].

One of the most striking changes was the increase in gross indicated efficiency. On
a relative basis, the YSZ coating produced a 1.9 to 4.1% increase in thermal efficiency over
the uncoated baseline runs, see Figure 4.6. The increase in combustion efficiency was
attributed to a reduction in combustion heat transfer which increased the cyclic work
output. A difficulty with the FM analysis is that the magnitude of the effect from
combustion phasing is unknown, so a series of phasing matched experiments were also
included.
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Figure 4.6: Effect of a dense APS-YSZ coating on gross indicated efficiency [34].

Under FMPM operation, the combustion phasing was matched at 7 degrees ATDC
using EGR for the YSZ cases. It is worthwhile noting that the 1200 RPM FMPM case is
missing, due to the limited size of the EGR circuit and the inability to provide an adequate
amount of EGR needed to phase combustion at 1200 RPM properly (this was remedied in
subsequent experiments). However, despite fixed phasing, engine operation with the
coating at 1600 and 2000 RPM experienced a 0.1 to 0.6 degree shorter combustion
duration. Additionally, the reductions in emissions were significantly lower than for fuelmatched operation, providing decreases up to 11% in HC emissions and up to 8.8% in CO
emissions, see Table 4.4. The corresponding gains in combustion efficiency were reduced
to 0.1% - 0.4%. This is a marked decrease in the coatings effects on combustion in the
wall-affected zones. It was hypothesized that the use of EGR as part of the phase matching
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procedure for the YSZ cases diluted the charge and lowered chemical kinetics rates,
partially counter-acting the thermal effects of the coating on combustion.
Engine
Speed
1600 RPM
2000 RPM

Hydrocarbon
Emissions
-11%
-2.3%

Carbon Monoxide
Emissions
-8.8%
-4.3%

Combustion
Efficiency
0.4% ± 0.07%
0.1% ± 0.06%

Table 4.4: Change in hydrocarbon and carbon monoxide emissions with dense YSZ coating
for fuel-matched, phase matched operation relative to the metal baseline [34].

The improvement in gross indicated efficiency, seen in Figure 4.7, was uplifted at
1600 RPM to 3.0% but remained at 1.9% for 2000 RPM. Retarding phasing at 1600 RPM
from 3.9° to 7.1° ATDC reduced heat transfer and led to a larger gross indicated thermal
efficiency gain [9]. However the 0.3 degree retard in combustion phasing at 2000 RPM
was minimal, so the reduction in heat transfer was much lower.

Figure 4.7: Effect of dense YSZ coating on gross indicated efficiency under FMPM
operation [34].
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The changes in efficiency and emissions seen with the YSZ coating can be traced
back to the temperature swing provided by the TBC. Based on the prior FEA results, the
thin, low conductivity YSZ coating produces a large temperature swing during the
compression and expansion strokes that reduces the temperature difference between the
combustion gasses and the combustion chamber wall. The reduced temperature differential
lowers the convective heat transfer rate to the chamber walls, causing energy normally lost
to the coolant to be turned into cycle work. The effects achieved with a 150 μm YSZ
coating are quite significant, and encouraging.

Creating Lower Conductivity Coatings with Inter-Pass Boundaries
The initial experimental results with the dense YSZ coating proved the concept of
using thin TBCs in LTC engines to improve thermal and combustion efficiencies. A review
of the prior FEA results and of the available literature [29,31,32] shows that thermal
conductivity must be reduced to further increase the magnitude of the characteristic
temperature swing. The simplest approach to achieving lower coating conductivity is by
increasing the porosity fraction [52,67]. However, this has the downside of increasing
exposed surface porosity and in weakening the coating structure [52–58,60]. As discussed
prior, greater open porosity is hypothesized to affect combustion and increase engine-out
emissions. The potential solution is to use a different spray methodology altogether. The
Solution Precursor Plasma Spray (SPPS) process enables the construction of coatings with
finer, more homogeneously distributed porosity, which also confers greater durability to
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TBCs over traditional APS coating techniques [52–58,60]. More importantly, by utilizing
the SPPS technique to structure the porosity into layers, it is possible to form Inter-Pass
Boundaries (IPB) which obstruct the flow of heat perpendicular to the layers [52,53,55,60].
In practice, this is achieved by alternating plasma spray parameters for dense and highly
porous layers. Figure 4.8 shows a magnified view of inter-pass boundaries in a YSZ
coating. Studies have shown that it is possible to halve the thermal conductivity of a YSZ
coating by including IPBs, with relatively small changes of the overall coating porosity
[52,68]. The estimated porosity fraction for a coating in Figure. 4.8 is only 15%.
Effectively, low conductivity coatings made with the SPPS process and including IPBs are
more durable than an equivalent conductivity APS coating.

Figure 4.8: Detailed view of alternating low-high porosity layers and Inter-Pass Boundaries
in a YSZ coating with structured porosity [61].

Three generations of coatings with structured porosity were created to explore the
limits of porosity levels and to achieve the lowest practical thermal conductivity using
Yttria-Stabilized Zirconia, while not compromising coating durability. The first generation
of YSZ coating with structured porosity (YSZ-SP) was created using the Solution
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Precursor Plasma Spray process with a moderate 10-15% overall porosity fraction. This
porosity fraction is similar to that of the “dense” APS-YSZ coating initially investigated,
however the inclusion of IPBs in the first generation YSZ-SP coating should lower its
thermal conductivity. The Inter-Pass Boundaries show up as dark horizontal lines in the
magnified cross-section of the first-gen YSZ-SP coating in Figure 4.9.

Figure 4.9: Cross-section of 1st generation YSZ-SP coating highlighting the inter-pass
boundaries (dark horizontal lines) in the topcoat layer [61].

The second generation YSZ-SP coating was created with the intention of achieving
the lowest possible thermal conductivity while utilizing IPBs and was thus produced with
an increased porosity level of 20% to 25%. It was anticipated that this higher porosity
would lead to greater amounts of open porosity, so a 5-10μm dense sealing layer of a
proprietary material was applied to the top surface, seen indicated by the arrow in Figure
4.10. It was anticipated the sealing layer would help prevent any negative fuel-absorption
issues and problems arising from impinging direct-injection fuel sprays. Several studies
have attributed fuel absorption into coating porosity to compositional stratification of the
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fuel-air charge and consequent increases in emissions [21]. However, microscopic images
revealed poor adhesion between the dense sealing layer and the highly porous TBC
underneath primarily because of a very rough top surface. This will be described in greater
detail later.

Figure 4.10: Magnified cross-sectional view of higher porosity 2nd generation YSZ-SP
coating, showing the YSZ thermal barrier layer and darker, dense sealing layer
on top (indicated by arrow), and high surface roughness [61].

The third generation YSZ-SP coating was developed with a lower 10-15% porosity
level to avoid the high roughness of the top surface. This was in response to the findings
of the study with the 2nd generation coating. The third generation coating also was given a
dense-sealing layer, but it was made thicker and of the same YSZ material as the thermal
barrier layer. This helped to both achieve full coverage with the sealing layer and increase
coating durability. A cross section of the third generation coating is provided in Figure
4.11. While the first generation coating was 150μm thick, the thickness of the third YSZSP coating was 240 μm. While this was unexpected, a perceived problem was turned into
an opportunity to characterize the impact of coating thickness on LTC.
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Figure 4.11: Cross section of 3rd Generation YSZ-SP coating showing the reduced porosity
topcoat and dense sealing layer [61].

The impact of the three different YSZ coatings was investigated in the singlecylinder HCCI engine under the fuel-matched and fuel-matched, phase-matched conditions

RPM

Fueling
(mg/cycle)

Phi (φ)

RGF (%)

EGR (%)

Tintake (°C)

FMPM
FM
FMPM

1200
1600
2000

11.7
10.5
10.3

0.683
0.713
0.711

41.8
48.8
47.7

0
0
0

90
90
90

1600

10.5

0.716

48.2

0

94

2000

10.3

0.707

47.5

0
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1200
1600
2000

11.7
10.5
10.3

0.695
0.709
0.716

43.3
49.0
48.9

0
0
0

90
90
90

1600

10.5

0.716

42.3

10.8

94

2000

10.3

0.713

44.0

7.0
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1200

11.7

0.684

42.8

0

90

1600

10.5

0.707

49.2

0

90

YSZSP
FM
G1
Coati
ng

YSZ Coating

Metal

FM

listed in Table 4.5.
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FMPM

2000

10.3

0.698

48.8

0

90

1600

10.5

0.708

43.0

9.5

94

2000

10.3

0.700

43.6

7.2
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Table 4.5: Fuel-matched and fuel-matched, phasing-matched operating conditions for the
first generation YSZ-SP coating, the dense APS-YSZ coating, and the baseline
metal case.

This group of experiments showed the YSZ-SP created incremental improvements
in both emissions and efficiency. Hydrocarbon emissions under fuel-matched operation
decreased up to 37% (Table 4.6) for the YSZ coating and 32% for the YSZ-SP 1st
generation (YSZ-SP G1) coating. Similarly, the YSZ coating had a larger reduction of CO
emissions of up to 37%, seen in Table 4.6, while the YSZ-SP coating produced a decrease
of up to 34.5%.
Hydrocarbon
Carbon Monoxide
Emissions
Emissions
Engine speed
YSZ
YSZ-SP G1
YSZ
YSZ-SP G1
1200 RPM -37.0%
-32.2%
-34.0%
-30.0%
1600 RPM -32.2%
-31.5%
-37.0%
-34.5%
2000 RPM -24.7%
-28.7%
-28.7%
-29.7%
Table 4.6: Hydrocarbon and carbon monoxide emissions for fuel matched operation with
the YSZ and 1st generation YSZ-SP coatings.

The slightly lower magnitude in the reduction of emissions provided by the YSZSP G1 coating contributed to a lower combustion efficiency than for the YSZ coating
between 1200 and 1600 RPM, however the net increase was still 1.7% and 1.3%
respectively (Fig. 4.12). This accounts for a reduction of only 0.2% at 1200 RPM, but the
YSZ-SP coating led to an increase in combustion efficiency at 2000 RPM of the same
magnitude.
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Figure 4.12: Effect of the YSZ and YSZ-SP G1 coating on fuel-matched combustion
efficiency relative to the metal baseline.

The increase in combustion efficiency is due to the lower thermal conductivity of
the YSZ-SP thermal barrier layer, which amplifies the temperature swing over that of the
YSZ coating. The resulting reduction in heat transfer further improves the amount of
charge reaching autoignition, and the greater chemical reaction rate in the wall-affected
zones ensures more of the charge has finished burning by the time decreasing gas
temperatures halt the combustion process.
While the YSZ-SP G1 coating only produced minor changes in combustion
efficiency over the YSZ TBC, the further reduction of heat transfer improved thermal
efficiency more dramatically. The fuel-matched gross indicated efficiency results are
shown in Figure 4.13. The most notable feature is that the YSZ-SP coating produced an
increase in thermal efficiency between 0.4 and 0.6 percentage points over the YSZ coating
between 1200 and 2000 RPM. The thermal efficiency increase was over 4% for both
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coatings at 1200 RPM due to the highly retarded phasing of the baseline metal case. The
advance in combustion provided by the coatings led to a more optimal combustion phasing,
in addition to the reduction in heat transfer.

Figure 4.13: Increase in gross indicated efficiency for the YSZ-SP G1 coating due to the
greater reduction in heat transfer than the YSZ coating.

The coatings were also investigated under phase-matched conditions to eliminate
the role of phasing on affecting combustion and heat transfer. During this investigation,
the YSZ-SP coating showed incremental improvements in combustion efficiency up to
0.7% and up to 0.4% for the YSZ coating (Figure 4.14). The larger temperature swing and
consequent reduction in heat transfer is responsible for the increased proportion of the
charge reaching autoignition and faster chemical kinetics causing an increased portion of
the charge to combust fully.
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Figure 4.14: Increase in gross indicated efficiency for the YSZ-SP G1 coating under fuelmatched, phasing-matched conditions due to the greater reduction in heat
transfer than the YSZ coating.

In addition to combustion efficiency improvements, the larger temperature swing
of the YSZ-SP G1 coating led to greater thermal efficiency. With combustion phasing
eliminated as a variable, the total gain in gross indicated efficiency (Figure 4.15) between
1600 and 2000 RPM was between 0.3 to 0.8 percentage points over the YSZ coating.
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Figure 4.15: Increase in gross indicated efficiency for the YSZ-SP G1 coating under fuelmatched, phasing-matched conditions due to the greater reduction in heat
transfer than the YSZ coating.

The lower thermal conductivity of the YSZ coating with structured porosity
successfully increased the temperature swing magnitude and further reduced heat transfer.
The increased swing led to incremental improvements in both thermal and combustion
efficiencies in an LTC environment. Unfortunately, extended experimentation with the
Gen 1 YSZ-SP coating led to the erosion of the topcoat between the bowl and squish area
of the piston. In this area, the entire 80 microns of the thermal barrier layer spalled off,
leaving only the bondcoat underneath. The remaining bondcoat is indicated by the arrows
in Figure 4.16.

82

Figure 4.16: Detailed view of alternating low-high porosity layers and Inter-Pass
Boundaries in a YSZ coating with structured porosity [61].

Experiments with the second generation YSZ-SP coating showed inferior results to
the first generation coating, despite the greater porosity and lower designed thermal
conductivity. Closer investigation of the sealing layer on the coating indicated poor
coverage of the highly porous and rough thermal barrier layer underneath. Combined with
flaking of the sealing layer, there were difficulties in achieving full coverage of the layer
when it was sprayed. This is likely due to spraying too-thin of a layer and the inherent
surface roughness of the coating “shadowing” the plasma spray, both resulting in poorer
layer coverage. Interactions between the open porosity and roughness of the underlying
TBC layer and combustion gasses were blamed for the unexpected results. A more detailed
discussion and analysis of these results is presented in Chapter 5.
Despite the additional thickness of the third generation coating, it returned
incremental gains in emissions and efficiency over the dense APS-YSZ coating initially
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investigated and suffered from none of the emissions or durability issues that plagued its
predecessors. As such, the results presented in the next section will include the metal
baseline, the dense YSZ coating, and the third generation YSZ-SP coating.

Characterizing the Benefits of Inter-Pass Boundaries on LTC
The purpose of comparing the uncoated metal engine, the dense YSZ coating, and
the third generation YSZ-SP is to elucidate the impact of thermal conductivity on LTC
operation. The YSZ-SP coating was estimated to have a porosity between 10% and 15%
and a thermal conductivity of 0.8 W/m-K to 1.2 W/m-K, compared with the higher range
of 1.3-1.7 W/m-K for the dense YSZ coating. Thickness measurements indicated that the
coating was 244 μm thick on the piston with a standard deviation of 10.3 μm. Thickness
measurements for the dense APS-YSZ coating are given in the prior section on initial
experimental testing. Thermal properties for both the coatings are provided in Table 4.7
below.
Process/
Material
SPPS / YSZ-SP
APS / YSZ

Thermal Conductivity
(W/m-K)
0.8-1.2
1.3-1.7[34]

Thermal Diffusivity Porosity
(mm2/s)
(%)
0.3-0.49
10-15
0.5-0.64[34]
8-15[34]

Table 4.7: YSZ and 3rd generation YSZ-SP coating properties.

This investigation was first conducted under fuel-matched conditions to explore the
real world effects of the coatings on LTC. Combustion phasing was then matched better
compare the impacts of the coatings on efficiency. A detailed list of the conditions used for
this set of experiments is shown in Table 4.8. Note that the equivalence ratio phi is given
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in relation to the fresh air mass only, while the dilution equivalence ratio phi prime, is given
in terms of the entire cylinder mass (fresh air + residual + EGR). Likewise, the residual
mass is given as a mass percent of the entire cylinder charge. More details on the fuelmatched and fuel-matched, phase matched operating techniques are provided in the
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10.5

83

10.3

102

EGR (%)
0.0

0.0
0.0
2.9
5.5
0.0
7.0
7.7
0.0
4.7
7.3

RGF (%)

11.7

0.0

Phi’(φ’)

90

Metal
YSZ
YSZ-SP
Metal
YSZ
YSZ-SP
Metal
YSZ
YSZ-SP
Metal
YSZ
YSZ-SP
Metal
YSZ
YSZ-SP
Metal
YSZ
YSZ-SP

Phi (φ)

10.3

Piston Type

Tintake (°C)

Fueling
(mg/cycle)

90

2000

Speed
1200
1600

10.5

1200

90

1600

11.7

2000

FMPM

FM

Operation

methodology section of the experimental results chapter.

0.685
0.696
0.694
0.693
0.704
0.703
0.685
0.701
0.695
0.685
0.700
0.697
0.696
0.697
0.690
0.694
0.691
0.696

0.373
0.379
0.378
0.339
0.344
0.343
0.338
0.348
0.343
0.373
0.377
0.373
0.338
0.332
0.330
0.341
0.339
0.334

44.7
44.4
44.3
50.0
50.0
50.1
49.7
49.2
49.6
44.7
43.7
42.4
50.4
47.6
47.0
49.5
47.2
46.6

Table 4.8: Fuel matched and fuel-matched, phasing-matched operating conditions used for
study on the effects of structured porosity [61].

Under fuel-matched operation, both coatings produced combustion advances, with
the YSZ coating experiencing a 1.5-1.7 degree advance and the YSZ-SP coating
experiencing a larger 2.5-3.2 degree advance. The 10-90% mass fraction burn duration also
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decreased by 1.5-2.2 degrees for the YSZ coating and by 2.2-3.0 degrees for the YSZ-SP
coating. The corresponding rates of heat release increased for both coatings under FM
operation, but the YSZ-SP coating experienced a higher peak release rate due to the more
advanced combustion. An example of this combustion advance and subsequent increase in
heat release rate is shown in Figure 4.17.

Figure 4.17: Instantaneous heat release rates for the metal, YSZ coated, and 3rd gen. YSZSP coated pistons under fuel-matched operation at: 1600 RPM, 10.5mg
fuel/cycle, 90°C Tintake, φ = 0.703 – 0.705, φ’ = 0.343 – 0.347, 49.7-50.1%
RGF, 95°C Tcool and Toil [61].

The YSZ-SP coating had the largest reduction in hydrocarbon emissions, between
9.3% and 23.4%, while the YSZ coating had lesser reductions of 7.0% to 20.7%. See Table
4.9 for the tabulated emissions improvements. Similarly, the YSZ-SP coating provided a
greater average reduction in carbon monoxide emissions, from 21.7% to 29.3%, than the
YSZ coating, which experienced a decrease of only 13.6 to 29.8%. As expected, the
increase in combustion efficiency was higher for the YSZ-SP coating (0.5-1.0%) than for
the YSZ coating (0.4-0.9%). While the YSZ coating created positive improvements in
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emissions and combustion efficiency, the YSZ-SP coating delivered further incremental
gains, showing a clear trend in combustion efficiency with decreasing TBC conductivity.
This behavior was attributed to a greater temperature swing from the lower conductivity,
lower combustion heat transfer, and more complete combustion in the wall-affected zones.
Hydrocarbon
Emissions
Engine
speed
1200 RPM
1600 RPM
2000 RPM

Carbon Monoxide
Emissions

YSZ

YSZ-SP

YSZ

YSZ-SP

-7.0%
-11.9%
-20.7%

-9.3%
-15.3%
-23.4%

-13.6%
-22.2%
-29.8%

-21.7%
-26.4%
-29.3%

Combustion Efficiency
YSZ

YSZ-SP

0.4% ±0.08% 0.5% ±0.08%
0.5% ±0.07% 0.7% ±0.07%
0.9% ±0.08% 1.0% ±0.08%

Table 4.9: Change in hydrocarbon emissions, carbon monoxide emissions, and combustion
efficiency under fuel-matched operation using the dense YSZ and 3rd gen. YSZSP coatings relative to the metal baseline.

The lower thermal conductivity of the YSZ-SP coating granted a larger reduction
in combustion heat transfer and subsequent increase in gross indicated efficiency (Figure
4.18), between 1.7 and 2.6%, than the higher conductivity YSZ coating, which only
experienced a 0.7-1.2% increase. Highly advanced combustion phasing is known to
increase the total cyclic heat transfer, which lowers thermal efficiency [9]. The sizeable
combustion advance with each coating casts these increases in gross indicated efficiency
in a more impressive light, since the gains would be higher at an optimal combustion
phasing. For this reason, the coatings are next compared under fuel-matched, phasing
matched conditions where phasing is fixed at 7 degrees ATDC.
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Figure 4.18: Increase in gross indicated efficiency with the YSZ and 3rd gen. YSZ-SP
coatings under fuel-matched operation [61].

Under phasing-matched conditions the emissions improvements are significantly
reduced, mainly due to the use of EGR, which slows chemical kinetics and partly offsets
the thermal effects of the coatings on LTC. The reduction in HC emissions was up to 3.7%
for the YSZ coating and 4.3% for the YSZ-SP coating (Table 4.10). Additionally, CO
emissions dropped by up to 13.1% for the YSZ TBC and 13.7% for the YSZ-SP coating.
The total combustion efficiency change was reduced to less than 0.3% for each of the
coatings.
Hydrocarbon
Emissions
Engine
YSZ
speed
1200 RPM -2.0%
1600 RPM -2.8%

Carbon Monoxide
Emissions

Combustion Efficiency

YSZ-SP

YSZ

YSZ-SP

YSZ

YSZ-SP

-4.3%
-2.8%

-8.3%
-12.7%

-13.7%
-8.1%

0.1% ±0.08%
0.2% ±0.07%

0.3% ±0.08%
0.2% ±0.07%
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2000 RPM -3.7%

-2.6%

-13.1%

-8.3%

0.2% ±0.06%

0.1% ±0.06%

Table 4.10: Change in hydrocarbon emissions, carbon monoxide emissions, and
combustion efficiency under fuel-matched, phasing-matched operation using
the dense YSZ and 3rd generation YSZ-SP coatings relative to the metal
baseline.

There was an unexplained trend between 1600 and 2000 RPM where the YSZ-SP
coating had higher emissions. Based on prior experiments, it was anticipated that the
decrease in emissions would be monotonic with decreasing thermal conductivity. It was
noted that the YSZ coating had a smoother surface (average roughness, Ra of 6.3 microns)
than the YSZ-SP coating (Ra of 9.1 microns). Figure 4.19A shows the rougher surface of
the YSZ-SP coating and Figure 4.19B shoes the smoother YSZ coating. Additionally, the
YSZ-SP coating had a higher pore fraction (10-15%) than the YSZ coating (8-15%).

A

B

Figure 4.19: Magnified coating surface showing the rougher 3rd generation YSZ-SP coating
surface (A) than the YSZ coating surface (B) [61].
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A study by Adamcyzk et al. [69] found that the interconnected, open porosity of a
7% porosity YSZ coating stored about 2% of total fuel mass in-cylinder in an SI
combustion chamber. The fuel was absorbed into the porosity under compression and
desorbed during expansion, allowing it to escape combustion and increasing hydrocarbon
emissions. This storage of fuel has been hypothesized to lean parts of the charge, causing
charge stratification, and lowering the local rate of combustion and increasing the total
amount of unburned fuel [21]. Work by Luo et al. [70] also highlighted the impact of
roughness on impinging fuel sprays. The Refractive Index Matching tests performed on
roughened glass plates showed rougher surfaces have higher fuel film thicknesses and
additional splashing with impinging fuel sprays. As such, a rougher surface could increase
the number of rich pockets within the charge, thereby increasing unburned hydrocarbon,
carbon monoxide, and soot emissions [9]. Thus, potential fuel interactions with the higher
surface roughness and higher porosity fraction offer plausible explanations for the higher
emissions experienced with the YSZ-SP coating.
The trend in thermal efficiency more closely matched the expected behavior with
decreasing thermal conductivity. The YSZ coating provided a 0.7-1.4% boost in gross
indicated efficiency, seen in Figure 4.20, while the YSZ-SP coating caused a larger 2.22.6% increase. The incremental gains possible with lower conductivity coatings is clear
from the thermal efficiency results. The overall change in combustion efficiency for both
coatings was small under phasing-matched conditions, so the increased cyclic work output
is due to lower heat transfer. Therefore, the lower conductivity of the YSZ-SP coating
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likely caused a greater temperature swing magnitude that is responsible for this decrease
in heat transfer.

Figure 4.20: Greater gross indicated efficiency with the YSZ and 3rd generation YSZ-SP
coatings under phasing matched, fuel matched operation [61].

The sensitivity study performed earlier using the finite element model gave insight
on the effects of thermal conductivity and coating thickness on a thermal barrier coating’s
temperature swing. While the YSZ coating provides a large temperature swing, the
decreased thermal conductivity of the third generation YSZ-SP coating would provide an
increased temperature swing under identical in-cylinder conditions. The result would be a
greater reduction of heat transfer, explaining the greater combustion and thermal
efficiencies produced by the YSZ-SP coating. Likewise, the increased thickness of the
YSZ-SP coating (244 microns versus 157 microns) would have led to a longer “recovery”
period after combustion for the wall to cool down to normal levels. As such, the
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temperature during gas exchange was higher for the YSZ-SP coating, which led to
increased charge heating and an increase in pumping work to flow the same amount of air,
seen in Figure 4.21. While the increase in pumping work is small in magnitude, this
confirms that thick TBCs for HCCI will negatively impact volumetric efficiency, matching
the findings in the literature regarding the use of thick thermal barrier coatings
[24,25,27,29]

Figure 4.21: Increase in Pumping Mean Effective Pressure for YSZ and 3rd generation
YSZ-SP coatings [61].
Lessons Learned with Coating Design
The results from these investigations has generated significant insight into coating
design for the low temperature combustion environment. The most important lesson is that
coating thickness should be kept low, under 150 μm, to ensure a large temperature swing
and minimum coating thermal mass. This means that the coating takes less time to cool off
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during gas exchange, reaching temperatures typical of an uncoated combustion chamber
and minimizing any charge heating effects. This was shown with the YSZ-SP coating,
whose thickness of nearly 240 μm led to a longer cooldown period and elevated surface
temperatures as early as 1600 RPM.
Coating porosity fraction is design decision that needs to be considered carefully.
Adhesion issues arose between the dense sealing layer and a 20-25% porous Generation 2
YSZ-SP coating due to less support structure underneath. A porosity level of 10-15% was
found to be much more durable in conjunction with a dense sealing layer, having no coating
loss issues during the course of these experiments. However, this imposes lower limits on
the thermal conductivity of coatings. The inclusion of structured porosity is the ideal
solution, since Inter-Pass Boundaries can help reduce the thermal conductivity without
changing the overall porosity level. However, coatings with an even lower conductivity
will need a thermal insulator with a lower native conductivity than Yttria-Stabilized
Zirconia. Experiments have also shown that open porosity surface should be avoided. It
has been linked to fuel storage and increased emissions [21,69,71,72], which could explain
the increased hydrocarbon emissions and lower combustion efficiency experienced with
the highly porous 2nd Generation YSZ-SP coating. A later chapter of this dissertation will
investigate the impacts of porosity on LTC emissions and heat transfer. It is also suggested
that a sealing layer be included on more porous coatings to prevent negative fuel
interactions. If this layer is included, it should be designed as a dense layer with an
intermediate thickness to avoid issues in achieving complete topcoat coverage and flaking
issues, as experienced with the Generation 2 YSZ-SP coating.
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While surface roughness is inherent in plasma sprayed coatings, it should also be
kept to a minimum, due to its effects on heat transfer and emissions. Several studies have
found increased heat transfer due to high surface roughness [28,73–77]. Higher roughness,
in conjunction with a large quantity of exposed porosity, is thought to have led to increased
heat transfer with the 2nd Generation YSZ-SP coating, partly offsetting the insulation
gained by using a more porous TBC layer. Additionally, impingement of fuel sprays on
rough surfaces have been known to increase fuel pooling and splashing. An implication of
this is charge stratification and potentially higher HC, CO, and soot emissions. The next
chapter of this dissertation is dedicated to investigating the impacts of surface roughness
and open porosity on LTC emissions and efficiency,
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CHAPTER FIVE
EFFECTS OF SURFACE ROUGHNESS AND OPEN POROSITY

The investigations into the effects of the YSZ Thermal Barrier Coatings on LTC
validated the main hypothesis motivating this research, and confirmed that a thin ceramic
layer deposited on the crown of an Aluminum piston can produce a temperature swing
during combustion, offering a pathway for increasing both the thermal and combustion
efficiency of the HCCI engine. Further gains were achieved through introduction of the
structured porosity to further reduce the conductivity of the YSZ layer, as explained in the
initial results obtained with the YSZ-SP coating in Chapter Four. Encouraged by this
finding, work in Chapter 4 sought to maximize the efficiency benefits by increasing the
coating porosity fraction as a means of reducing the effective thermal conductivity of the
ceramic layer. However, a detailed investigation found significant obstacles to this
approach, since the increased porosity was accompanied by extreme roughness on the TBC
surface that could not be successfully sealed with a special topcoat. The asperities were
irregular and prevented an even coverage of the top coat, and over time it also suffered
from erosion. These results clearly indicated the potential pitfalls of using high porosity
levels to achieve low thermal conductivity, however the magnitude of the negative sideeffects warranted further investigation.
Consequently, this chapter seeks to create additional insights through deliberate
manipulation of the Aluminum on the top surface of the piston to systematically examine
the effects of the roughness, as well as open porosity on low temperature combustion. The
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methods described in Chapter 3 are utilized to create a rough Al surface using grit blasting,
and a porous layer of Aluminum, using the Air-Plasma Spray process.

Motivation for Investigation of Surface Roughness and Open Porosity Interactions with
Thermal Barrier Coatings – Review of Results Obtained with a Porous and Rough YSZ
Coating

The second generation of YSZ coating with structured porosity had a thin, dense
sealing layer over top of a much higher porosity TBC layer in an effort to achieve a coating
with a much lower thermal conductivity. However, during initial experimentation with this
coating, the topcoat spalled, exposing the highly porous and rough thermal barrier layer
underneath. As a result, the hydrocarbon emissions under fuel-matched operation, shown
in Figure 5.1, increased relative to the first generation YSZ-SP coating. In the absence of
interactions with roughness and open porosity, the lower conductivity of the 2nd generation
YSZ-SP coating would be expected to have further reduced emissions, due to the impact
of the larger temperature swing on heat transfer and the chemical kinetics in the wallaffected zones. However, the increased hydrocarbon emissions were likely a result of fuel
storage in the porosity, additional fuel pooling on the rough TBC layer, and compositional
stratification due to the localized leaning of the charge [21,69–72].
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Figure 5.1: Increase in HC emissions due to greater fuel pooling and fuel storage in the
exposed porosity of the 2nd generation YSZ-SP coating (denoted YSZ-SP G2).

Additionally, hot combustion gasses flowed into the open porosity of the of the
highly porous thermal barrier layer. This, combined with the large amount of exposed
surface area increased heat transfer through the coating, and reduced its effectiveness
[28,73–77]. This can be seen in the phasing-matched gross indicated efficiency results,
shown in Figure 5.2.
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Figure 5.2: Reduced effect of the second-generation YSZ-SP coating on heat transfer and
gross indicated efficiency due to intrusion of combustion gasses into the
porosity and the greater exposed surface area.

While the high porosity level (20-25%) of the second-generation YSZ-SP coating
is higher than typical thermal barrier coatings, these experimental results show the effects
of exposed porosity and roughness on the effectiveness of a TBC can be significant.
Therefore, an additional study was conceived to aid our understanding of the underlying
phenomena and hopefully distinguish between the adverse effects of just roughness and
roughness with porosity. To accomplish this, the top surface of aluminum piston A was
treated to achieve unusually high roughness, while the top of piston B was plasma-sprayed
with aluminum to achieve a highly porous layer, with open pores.
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Investigating Surface Roughness and Open Porosity Impacts on Low Temperature
Combustion through Treatment of the Aluminum Piston Top Surface
Motivation and the Surface Treatments Used to Generate Rough and Porous Samples
The first study in this Chapter examines the effects of the roughened top surface of
piston A, seen in Figure 5.3, on LTC combustion and emissions. A detailed discussion of
the process used to create a rough piston top, as well as the method to measure the
roughness are discussed in Chapter 3. Surface roughness is thought to have several primary
effects on combustion: greater heat transfer through additional surface area, higher flow
friction over the rough surface, and increased fuel pooling. In the case of LTC, it is
hypothesized that this will also increase thermal stratification and reduce the cyclic work
output. The colder wall-affected zones will also experience a reduced rate of oxidation,
such that a greater portion of combustion would be incomplete by EVO, thus increasing
engine-out CO and unburnt HCs.
Likewise, the presence of surface roughness is anticipated to increase
compositional stratification. In the single-cylinder HCCI engine used, the DI fuel injector
sprays downward across the piston. Due to the injector orientation, the presence of
roughness on the piston surface is anticipated to slow the fuel jet as it passes over the piston
and lead to fuel pooling on the rough piston surface. The pooled fuel will cause fuel-rich
zones near the piston surface as it evaporates, while leaner zones will exist in the periphery
due to lower penetration of the fuel spray. The expected net result is greater charge
stratification, with the richer zones creating additional hydrocarbon, carbon monoxide, and
possibly even soot emissions. The aim of this section in Chapter 5 is to investigate and
characterize the effects hypothesized above.
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Figure 5.3: Grit-blasted piston (12.2μm Ra) used for roughness experiments.

The second set of experiments is designed to investigate the impact of open surface
porosity on LTC using a piston with its crown covered by a 20% porous layer of aluminum.
Unlike structured porosity, the porosity of the aluminum layer is isotropic. The aim is to
develop a “clean” experiment, where the material of the piston will remain unchanged (i.e.
no thermal barrier material), and only the porosity and roughness of the top layer will be
modified. The porous aluminum layer was created by Air-Plasma Spraying a standard
piston with an aluminum powder to a thickness of 150 microns. The plasma-sprayed piston
is shown in Figure 5.4. Additionally, a view a 10% porous aluminum sample at 100x
magnification is shown in Figure 5.5. From this figure, the open surface porosity can be
observed, which is visible as small dark spots on the surface. Additionally, the roughness
that accompanied creation of the porous aluminum layer is visible in Figures 5.4 and 5.5.
It is a byproduct of the plasma spray process. Measurements indicate the average roughness
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of the porous aluminum layer is 11.2μm, which is similar to the level of roughness on the
grit-blasted piston (12 μm Ra) used for the investigation of surface roughness. As such, the
results from the roughness investigation of Piston A will be used to first establish a
benchmark, so that subsequent experiments with the porous piston B can eventually reveal
additional effects attributable to open porosity.

Figure 5.4: Aluminum piston with 20% porous plasma-sprayed aluminum layer (11.2 μm
Ra)
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Figure 5.5: 100x magnification of a sample with a 10% porous aluminum layer showing
the exposed porosity, visible as dark spots.

The hypothesis that will be proven or disproven here is that a large concentration
of open porosity on the piston will cause significant issues with fuel interactions and
negative effects of near-wall compositional stratification on LTC. The combination of
exposed surface porosity and roughness in an HCCI engine is expected to have the primary
effects of increased thermal and charge stratification, and fuel storage. Similar to the impact
of roughness, greater surface area in contact with hot combustion gasses from exposed
porosity and roughness is expected to increase convective losses to the piston. The greater
in-cylinder heat transfer will divert some of the fuel energy away from work, reducing
thermal efficiency. Likewise, the presence of open porosity will also enable fuel storage
within the porous layer. The surrounding metal temperature is too cold for the stored fuel
to ignite and oxidize, so the stored fuel will escape combustion. The stored fuel will be
desorbed from the porosity during the exhaust stroke and likely leave as unburnt HC
emissions. Adamcyzk et al. [69] predicted the stored fuel would lead to a roughly 2%
increase in hydrocarbon emissions for a 7% porous YSZ coating. The porous aluminum
layer used in this investigation is nominally 20%, so a larger amount of fuel is expected to
be stored in the porosity.

Plan of experiments
In order to systematically investigate the impacts of roughness and open porosity
on LTC, both pistons A and B will be subject to experiments in a firing engine operating
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either fully premixed or with direct injection. The first set of experiments will be conducted
under fuel-matched conditions to characterize the individual impacts of roughness and
open porosity on LTC under real-world conditions. The premixed operation with rough
and porous pistons will be compared to the metal baseline first. This will show the impact
of greater heat transfer on thermal stratification and thermal efficiency in the absence of
impingement. Afterwards, comparisons between the respective DI experiments for the
porous, rough, and baseline pistons will be pursued to reveal the potential additional
impacts stemming from fuel interactions. A start of injection timing sweep under fuelmatched conditions will enable control over the magnitude of fuel impingement and aid
the understanding of the fuel effects. Due to the possibility of greater charge stratification
and fuel pooling leading to soot emissions, a Cambustion DMS500 analyzer will be utilized
to characterize particulate spectra and mass- concentrations. More detail on the operating
procedures and on the differential mobility spectrometer, or DMS500, are provided in
Chapter 3.

Experimental Characterization of the Roughness Effects on In-cylinder Processes
The first round of experiments was performed with the roughened piston. Table 5.1
summarizes the operating conditions used in the fuel-matched (FM) experiments,
conducted under both the fully premixed and direct injection conditions. In addition, a
sweep of start of injection (SOI) timings from TDC (360° CA bTDC firing) to halfway
through the intake stroke (270° CA bTDC firing) under FM conditions and direct injection
were performed.
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(°C)

Piston Type
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DI
Vaporizer
DI
Vaporizer
DI
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Operation
Fuel – Matched
SOI

Metal,
Rough
Metal,
Rough

1200

90

333

0.680

90

333

0.680

90

333

0.680

90

270,290,310,320,333,
340,350,355,360

0.725

333

Table 5.1: Experimental operating conditions for the experimental investigation of
roughness.

Fuel-matched operation revealed that the rate of heat release was lower with the
rough piston top compared to the smooth piston baseline under fully premixed operation.
Figure 5.6 shows for 2000RPM, the fully premixed case was more advanced and the rough
piston had a 7% lower peak rate of heat release.
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(A)

(B)

Figure 5.6: A) Cylinder pressure and B) rate of heat release for rough and smooth baseline
pistons under fully premixed operation, 2000 RPM, 11mg of fuel/cycle, 90°C
Tintake, Φ=0.725.

The reduction in burn rate with the roughened piston under fully premixed
operation is likely a consequence of the larger exposed surface area, which in turn leads to
increased heat loss [21,28,73–77]. The greater heat transfer to the piston will further cool
the wall-affected zones, causing the rate of chemical kinetics to drop and lowering the rate
of heat release. Table 5.2 shows that the coolant temperature rise over the engine, or the
difference between the outlet and inlet coolant temperatures, increased for the rough piston.
Similarly, the exhaust temperature decreased due to energy in the exhaust stream being
diverted to increased coolant losses. Likewise, Fig. 5.7 shows that the rise in coolant
temperature was consistent across the speed range for fuel-matched operation.
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Coolant Temp
Rise (°C)

Exhaust
Temp (°C)

Smooth

0.50

420.5

Rough

0.94

415.4

Table 5.2: Coolant temperature rise over the engine and exhaust temperature at the
premixed baseline for smooth and rough pistons, 2000 RPM, 11mg/cycle,
Φ=0.725, 45% internal residual, 90°C Tintake, 95°C Tcoolant and Toil.

Figure 5.7: The effect of roughness causes the coolant temperature rise over the engine to
increase and for premixed fuel-matched operation with the smooth and rough
pistons.

Experimental Characterization of the Roughness and Open Pores with Direct Injection
Similar to the findings for premixed operation, the rate of combustion with the
rough piston was slower than for the baseline under DI conditions too. The suspected
mechanism is the same as in case of premixed operation, i.e. the larger surface area wetted
by the hot charge caused greater heat transfer to the piston and the associated impact on
thermal stratification. Support for this comes from the consistently greater coolant
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temperature rise (Fig. 5.8a) and lower exhaust temperatures (Fig. 5.8b) for fuel-matched
operation. However, the magnitude of the observed effect is higher in case of DI operation.

(A)

(B)

Figure 5.8: The effect of roughness causes the A) coolant temperature rise over the
engine to increase and B) the exhaust temperature to drop for fuel-matched,
DI operation with the smooth and rough pistons.

In the literature, greater surface roughness has been implicated in decreasing burn
rates for diesel combustion and slowing fuel sprays. The main effect is hypothesized to be
greater flow friction over the surface of the rough piston surface [28,70,72,73]. Luo et al.
[70] confirmed that higher drag force on a highly rough (Ra 7.7μm) surface caused a
measurable drop in fuel spray velocity after impingement. Greater dissipation of the fuel
spray velocity slows the air-fuel mixing process and increases the duration of diffusion
combustion [28,72,73]. Wakisaka et al. [28] even witnessed this slower mixing in an
optically-accessible diesel engine, seen in Figure 5.9 when increasing the average surface
roughness from 1.4 to 6 microns. The reduction in speed of the fuel spray is noticeable by
the greater separation between the fuel jets at 1.06ms and at 2.61ms after start of injection
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for the increased surface roughness case. However, while the diffusion of fuel to the flame
is an important rate-limiting factor in the diesel combustion process, LTC is rate-limited
by chemical kinetics. Thus, slower fuel spray mixing over a rough surface will affect LTC
differently. The most notable impact of the slower fuel spray in an HCCI engine would be
reduced charge mixing. This means the concentration of evaporated fuel in the vicinity of
the injector would increase, causing locally fuel-rich conditions while the periphery of the
combustion chamber will be fuel-lean from lack of mixing [76]. For kinetics-controlled
combustion, the fuel-lean zones experience slower combustion, reducing the rate of heat
release and extending the total combustion duration for the rough piston with direct fuel
injection.

Figure 5.9: Impact of surface roughness on fuel jet mixing in a diesel engine [28].

For DI operation, the orientation of the injector causes injected fuel to spray over
the surface of the piston, creating the potential for negative interactions between the rough
piston surface and the fuel jet. As mentioned prior, the greater flow friction over the rough
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piston surface would negatively affect the mixing process and creating additional charge
stratification. The leaner zones in the periphery of the cylinder would suffer from slower
chemical kinetics, increasing the length of the entire combustion process [21]. Figure 5.10a
shows the combination of surface roughness and DI operation leads to an increase in the
10%-50% burn duration by up to half a degree at medium engine speeds, while the 50-90%
burn duration (Figure 5.10b) increases by up to three quarters of a degree. The total increase
in 10%-90% duration is ~1° CA, which is notable, considering the entire process usually
takes between 9 and 10 degrees. From this result, surface roughness seems to produce a
relatively constant negative effect on the late burn duration.

(B)

(A)

Figure 5.10: Roughness causes the A) early burn, 10%-50% and B) and late burn, 50%90% durations to increase for direct injection operation, 2000 RPM, 11mg of
fuel/cycle, 90°C Tintake, Φ=0.725.

Surface roughness led to increased emissions of unburnt hydrocarbons, and this is
in line with the perceived stratification caused by slower movement of the fuel film. The
increase in hydrocarbon emissions under premixed and DI operation can be seen in
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Figures 5.11 below. The increase of unburnt hydrocarbon emissions from greater surface
roughness was between 10% and 13%.

Figure 5.11: Hydrocarbon emissions showing the effect of roughness for the direct
injection experiments.

This is in agreement with studies by Wentworth [78] and Memme et al. [77] that
found a large reduction in hydrocarbon emissions after reducing the surface roughness of
the combustion chamber for an SI engine. While the combustion mode was obviously
different in [78] and [77], the increase in exposed surface area and wall heat transfer
certainly contributed to a reduced quench distance and this aligns with our findings at least
in a qualitative sense. The combination of the greater drag over the rough surface and the
heightened effect of roughness on fuel pooling cause the fuel-air mixing process to be
incomplete in case of DI-HCCI operation with a rough piston crown.
There is another aspect of roughness of interest in this study. The literature search
conducted prior to these experiments motivated a closer look at the possibility of fuel
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pooling, i.e. the adverse impact of roughness on impingement and fuel film dynamics, that
in turn can create compositional stratification. It was subsequently decided to setup up a
parametric study of the fuel injection timing effect, and shed more light on the possible
fuel film effects through systematic evaluation of the combustion and emissions trends.
Luo et al. [70] identified greater fuel pooling effects due to fuel spray impingement
on surfaces with increased roughness. Changing the average surface roughness (Ra) from
2.5 microns to 7.7 microns caused an increase in the total pool thickness from 1.4 microns
to 1.9 microns. This increased film thickness was hypothesized to be a result of greater
drag forces acting on the impinging droplets to slow their velocities and decrease the level
of splashing, causing more fuel to pool in the area of impingement, as can be seen in Figure
5.12. A result of the greater spray impingement is a larger mass of fuel deposited on the
rough surface, seen in Figure 5.13. It is important to remember that the piston used for the
investigation of roughness had an average roughness of 12μm, which will further increase
the pooled fuel thickness.

Figure 5.12: Fuel film thicknesses on glass plates of A) 2.5 micron average roughness and
B) 7.7 micron average roughness, adapted from [70].
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(A)

(B)

Figure 5.13: Effect of surface roughness on A) pooled fuel mass and B) fuel film area
[70].

In an LTC environment, a consequence of the greater fuel pooling on rough
surfaces is that it will increase the total mass of fuel trapped on the piston and lead to a
different actual equivalence ratio in the chamber at the start of combustion. Additionally
the similar surface area of the fuel film (Fig. 5.13), but greater depth on the rough surface
will increase the total amount of time it takes for all of the fuel to evaporate. Cho et al. [79]
used CFD analysis coupled with piston temperature measurements to predict the impinged
fuel pooling location, depth, and persistence for an engine identical to the one used in this
set of experiments. Figure 5.14 shows that the impinging fuel covered a large area of the
piston bowl and had a maximum pool depth of 1.2 microns under operating conditions
slightly different to HCCI (Tint 94°C, Φ=1.0, 90°C Tcoolant, 45kPa MAP, 315° bTDC SOI).
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While this set of conditions is slightly different than the conditions typical of HCCI
operation, i.e. a manifold pressure of 45 kPa, the CFD model predicted that the liquid fuel
film on the piston lasted from 310 to 250° bTDC. At higher manifold pressures typical of
HCCI operation, this duration would be much longer [79]. Combined with the greater fuel
pooling on the 12μm rough piston crown, the persistence of the fuel pool will both increase
and occupy a large portion of the nearly half-cycle (333° bTDC SOI) before combustion.
Thus, the reduced time to mix the greater mass of pooled fuel before combustion will
further contribute to charge stratification.

Figure 5.14: CFD and piston temperature results showing A) the location and thickness of
the fuel pool on the piston, and B) the persistence of the liquid fuel film on
the piston. Conducted under Tintake 94C, coolant temp 90C, phi of 1, MAP of
45kPa for DISI operation [79].

Figure 5.15a shows that adjusting timing of the DI injection event to vary the
level of fuel impingement on the piston had a moderate, but consistent impact on the
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early burn duration up to a timing of 310° bTDC. The increase in the 10%-50% duration
due to roughness was a constant 0.3 degrees in this region. However, further retarding
injection timing increased the disparity in 10%-50% duration between the baseline and
rough pistons by about 0.7 degrees at an SOI of 290° bTDC and 0.5 degrees at 270°
bTDC. Similarly, the increase in the 50%-90% burn duration (Fig. 5.15b) is a constant
0.4 degrees up to 310° bTDC. However the increase in the burn-up duration grows to 0.6
degrees at 310° bTDC SOI and maximum of 1.0 degrees at 290° bTDC. The combustion
duration is higher across the board for operation with the rough piston.

(B)

(A)

Figure 5.15: Effect of roughness on the A) early burn, 10%-50% and B) and late burn,
50%-90% durations for a start of injection timing sweep under direct injection
operation, 2000 RPM, 11mg of fuel/cycle, 90°C Tintake, Φ=0.725.

The variations of the early and late burn durations as the fuel injection is delayed
beyond TDC-Intake is somewhat unexpected. There is a tradeoff at work. Retarding the
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start of injection allows the piston to move away from the spray, thus potentially reducing
impingement. However, this simultaneously reduces the amount of time available for
evaporation from the surface, thus exacerbating the fuel stratification caused by the
existence of the fuel film. However, the important phenomenon relevant for the
investigation undertaken in this chapter is the consistently longer combustion duration
with the rough piston surface. A more detailed discussion on this is in the following
paragraphs.
Decreasing impingement with later DI injection timings was found by Cho et al.
[79] to reduce the total fuel mass on the piston. The increasing distance between the piston
and fuel injector is responsible for this behavior, since it gives the injected fuel more time
to evaporate before hitting the piston. The reduced-duration of the evaporation process will
enable the charge to become homogeneous more quickly. However, while the pooled fuel
mass decreases with later injections, gas motion decays as the cycle progresses and the
amount of time for mixing is reduced with later injection timings [9]. The greater flow drag
over the piston surface may provide a boost to the rate of decay in turbulence too. The
combination of these two effects hamper the air-fuel mixing process late in the intake
stroke and increase charge stratification, thus slowing the rate of combustion and increasing
the duration. The combination of these effects seem to explain the sudden, large (up to
1.8°CA) increase in duration for injection timings later than 310° bTDC. However, the
interplay of fuel pooling, mixing time, and gas flow are somewhat difficult to predict, so a
CFD model would be needed to accurately identify the cause of the constant offset in
combustion duration varying injection timing. In addition to charge stratification effects,
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greater heat transfer to the rough surface would also provide an increase in the combustion
duration by lowering the rate of chemical kinetics in the wall-affected regions. It is
important to note that the conditions in [79] were somewhat different compared to the
HCCI experiments. While Cho et al. [79] ran the engine at part-throttle, the HCCI
experiments here were carried out at wide open throttle. Therefore, the in-cylinder
pressures during intake and compression were higher in the HCCI engine, leading to
increased time-scales for evaporation and higher chances that this effect would be more
dominant than proximity of the piston to the spray. Figure 5.16 shows that the increase in
HC emissions follows the combustion duration trends with roughness. The UBHC
emissions are elevated across the entire range of injection timing compared to the
experiments with the smooth piston top (“Metal” in the legend). The change in HC
emissions due to piston roughness was from 6.8% to 10.5% with the peak occurring at 355°
and decreasing as injection timing was retarded to 270° bTDC. The thicker fuel film in
case of the rough piston crown extends the time for the fuel to evaporate, thus leading to
the larger charge stratification and additional HC emissions. Later injection timings will
still contribute to greater charge stratification from a reduced amount of time available for
mixing. Drake et al. [80] estimated that 10% of the pooled fuel mass for a DISI engine
operating with late injection timings could contribute to unburnt hydrocarbon emissions
based on fuel film measurements. While HCCI engines operate with highly advanced
injection timing when operating with a direct injector, the presence of a fuel pool on the
piston during the expansion stroke can explain the similar increase in HC emissions.
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Figure 5.16: Effect of roughness and start of injection timing on hydrocarbon emissions
under direct injection operation.

The variations of the CO emissions over a range of injection timings, for a smooth
and rough piston, are shown in Figure 5.17. The results demonstrate a very similar behavior
previously observed for combustion duration and HC emissions. Piston roughness led to
increases of CO emissions between 10.8% and 16% across the range of early SOIs.
However, the largest increases were observed for late SOI timings. The elevated levels of
CO with the rough piston can be attributed to the phenomena discussed in the context of
HC emissions, i.e. fuel pooling and charge stratification. The large increase in carbon
monoxide emissions with retarded timing suggests a rapidly growing level of charge
stratification and locally rich zones due to the inability of the thicker film on the surface to
evaporate and mix fast enough.
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Figure 5.17: Effect of roughness and start of injection timing on carbon monoxide
emissions under direct injection operation.

Experimental Characterization of Open Porosity Effects
The significant increases in emissions and heat transfer with the 2nd generation
YSZ-SP coating suggests that porosity can have a large detrimental impact on low
temperature combustion and motivated the work reported here. The aim of the investigation
in this sub-section is to develop insight into the impact of porosity on LTC and emissions
by experimenting with a piston covered in a 20% porous aluminum layer (detailed earlier).
The experimental conditions are listed in Table 6.3.
While the piston had a high level of porosity, it also had a high level of surface
roughness, due to the coarse grain size of the aluminum powder used in the air-plasma
spray process. As a result, the surface of the porous piston had an average roughness of
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11.2μm, which is similar to the level found on the rough piston. Therefore, this
investigation leverages the results from the prior investigation of roughness as a point of
comparison in the attempt to distinguish between the two, and provide insights into
additional effects of porosity. This section will focus on the impact of the porosity on DI –
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Table 5.3: Experimental operating conditions for the investigation of open porosity effects.

The cylinder pressure and heat release rate for DI operation with the baseline,
rough, and porous pistons are shown in Figures 5.18a and 5.18b respectively. One
noticeable feature with the porous piston is the 14% greater rate of heat release than the
baseline under DI operation. This is in stark contrast to the rough piston, which experienced
a 10% decrease in the rate of heat release. Recall that the porous piston has a level of
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surface roughness similar to the rough piston, so a substantial change will have had to occur
to completely reverse the effects of roughness. The additional area from the exposed
porosity was anticipated to compound the increased heat transfer from the surface
roughness, further cooling and slowing the rate of kinetics in the wall-affected zones
[28,73,77]. Instead, the porous layer on the piston crown led to a shorter combustion
duration and a higher firing pressure than for either the baseline or rough pistons.

(B)

(A)

Figure 5.18: Effect of porosity and roughness on A) cylinder pressure and B) the rate of
heat release under direct injection, fuel-matched operation at 2000 RPM,
11mg of fuel/cycle, 90°C Tintake, Φ=0.725.

This puzzling finding obviously deserves a deeper look into the underlying
phenomena. One open question this finding raises is whether the heat transfer increased as
hypothesized before the study, or has been reduced. Table 6.4 shows the coolant
temperature rise over the engine (Tout-Tin) and exhaust temperature for the baseline smooth,
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rough, and porous pistons during the 2000 RPM and 11mg of fuel/cycle DI baseline point.
The baseline point was chosen because it is the first fired point of every dataset, so the
influence of CCDs will be at a minimum, thus providing the clearest effects of roughness
and open porosity on heat transfer.
Coolant
Temp Rise
(°C)

Exhaust
Temp
(°C)

Smooth

0.55

419.9

Rough

0.79

416.8

Porous

0.62

418.1

Table 5.4: Coolant temperature rise over the engine and exhaust temperature at baseline
(2000 rpm, 11mg fuel/cycle) for smooth, rough, and porous pistons.

Variations of the exhaust temperature are relatively small. There is a 3°C reduction
on case of a rough piston compared to a smooth metal, but only a 1.8°C reduction on case
of the porous layer on the piston top. The coolant temperature rise for DI operation tells a
similar story. Running with the rough piston caused greater heat transfer since the delta
increased from 0.79°C to 0.55°C, while the porous piston displayed an intermediate level
of temperature rise, i.e. 0.62°C versus 0.55°C. The exhaust temperature echoed the
reduction in coolant heat losses; the porous piston had an exhaust temperature level
between the smooth and rough pistons. This suggests that the porous piston had lower heat
transfer than the rough coating, despite being both porous and rough. In other words,
something countered the expected adverse effect of open pores on mixture preparation and
heat loss.
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A potential explanation for this behavior is a reduction in the amount of open
porosity after the initial accumulation of combustion chamber deposits. The buildup of
carbon either in the porosity of the coating or on the surface is a very real possibility. This
would effectively limit the area exposed to combustion gasses and thus heat transfer to the
piston fundamentally altering the impact of the porous Al layer [28,72,73]. Simply, once
the pores are sealed off, the porous layer starts to act as a thermal barrier, albeit a weak
one. The carbon buildup in the porosity is able to escape the cleaning process because only
the surface of the coating can be cleaned.
Figure 5.19 provides a conceptual view of how the carbon deposits in the porosity
can prevent the flow of hot combustion gasses into and out of the piston’s porosity,
reducing the level of heat transfer [28]. An unintended consequence of the deposits
blocking the porosity is that it forms a weak thermal barrier layer. For an aluminum “TBC”
with 20% porosity, the base 4032 aluminum alloy used for producing the piston has a
conductivity of 140W/m-K, so the equivalent conductivity will be approximately 25 W/mK [81].
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Figure 5.19: Mechanism for the increase in heat transfer due to the intrusion of hot
combustion gases into the coating’s exposed porosity, adapted from [28].
Note pore structure exaggerated to for simplicity and to show effects.

Further support for this hypothesis is provided in Figures 5.20a and 5.20b which
show a magnified view of a 10% porous aluminum sample and the 20% porosity piston
after the second fully premixed experiment. The dark spots on the 10% porosity sample
are the open pores, whereas the dark-brown/black colors on the 20% porosity piston are
carbon deposits embedded in the open porosity that could not be removed by the standard
cleaning process. The great prevalence of deposits on the 20% porous piston show that
much of the porosity is likely blocked. The color shift experienced with all of the TBCs
used in this series of experiments from a gray or white color to a brown color is a further
indication that carbon deposits are stuck in the porosity of the coatings. Andruskiewicz et
al. [65] had similar findings while experimenting with several TBCs in an SI engine.

(A)

(B)

Figure 5.20: Surfaces of the A) 10% porous sample and B) 20% porous piston bowl
magnified at 100x each, showing the open porosity (black) and carbon
deposits (brown) trapped in the open porosity of the 20% porous piston after
several experiments. These images were taken utilizing a polarizer to
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eliminate reflected light from the rough surfaces and to more clearly show
the open porosity.

Examining the trends in combustion phasing shown in Figure 5.21 for fuel-matched
operation indicate that the presence of porosity had a marginal effect in retarding
combustion phasing for DI operation between 1600 and 2000 RPM. However at 1200 RPM
the DI baseline point is an outlier. Examining the autoignition points for the experiments
with the porous piston show little effect on autoignition; however, the 10%-50% burn
durations are consistently longer than the baseline. This is due to higher heat transfer than
the baseline, however small it might be, slowing the rate of chemical kinetics and
lengthening combustion. The higher coolant temperature rise and slightly reduced exhaust
temperature for the porous piston relative to the baseline in Fig. 5.22 supports this theory.
More notably, Figure 5.21 shows the combustion phasing for the porous piston top up to
0.5 degrees retarded compared to the rough piston at all speeds. The retard in phasing for
the porous piston case is potentially impacted by fuel stratification too. A reduction in the
local equivalence ratios for the rich fuel-air pockets would delay the autoignition process
and retard combustion phasing. The later 10% burn phasing for the porous piston under
fuel-matched DI operation between 1200 and 2000 RPM supports this hypothesis.
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Figure 5.21: Combustion phasing effects due to blocked off porosity for direct injection
operation under fuel-matched conditions.

(A)

(B)

Figure 5.22: Impact of porosity and roughness on A) coolant heat losses and B) exhaust
temperature for direct injection operation under fuel-matched conditions.

Combustion duration was systematically examined over the range of injection
timings in order to shed more light on a possible compositional stratification effects. The
variations with SOI were already discussed in the context of the impact of roughness, but
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a new observation when examining Fig. 5.23 is a remarkably small separation between the
baseline and the trendline generated with a porous piston top. The change in the early burn
(Fig. 5.23a) was constrained to 0.2° CA or less and the deviation in the late burn (Fig.
5.23b) was 0.1° CA or less. The most evident result is the greater fuel pooling at early
injection timings (>340° bTDC) increases charge stratification and the total combustion
duration due to incomplete mixing prior to combustion. The resulting fuel-lean zones
would suffer from slower chemical kinetics that prolong the combustion event.
Considering the magnitude of the increased duration, the effect of fuel pooling with the
porous piston is fairly minor.
Initially, it was expected that the combination of open porosity and high roughness
would contribute to greater fuel pooling and storage relative to the baseline, increasing
charge stratification and the total combustion duration. However, the fundamentally
different behavior between the two pistons becomes apparent when comparing the
durations for the rough piston to the porous one. The porous piston had virtually no change
in combustion duration relative to the baseline, while the rough piston had a fairly large
increase in duration. This result is because of the blocked pores in the porous piston. The
first effect is reduced heat transfer to the piston, which increases the rate of combustion in
the wall-affected zones relative to the rough piston. The second effect, and perhaps more
significant, is that the lower thermal conductivity of the porous layer led to higher surface
temperatures and a greater rate of evaporation for any pooled fuel. The lower residence
time for the fuel pool means the evaporated fuel has additional time to mix, reducing the
effect of charge stratification. However, it should be noted that the large increase in
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durations for the rough piston after an injection timing of 310° bTDC is absent for the
porous piston, meaning the blocked porosity virtually eliminated the effects of fuel
stratification at later injection timings. Similarly, the increase in duration at SOI timings
before 340° bTDC is much reduced compared to the rough piston, further suggesting the
blocked porosity improved fuel evaporation. This finding is significant because it shows
that the blocked porosity almost entirely eliminated the effect of roughness on fuel pooling
and charge stratification at 2000 RPM.

(A)

(B)

Figure 5.23: The effects of porosity and start of injection timings for DI operation on the
A) early burn and B) late burn durations.

The paradox discussed above in the context of the results obtained at the reference
point is observed over a range of injection timings too. The unburnt HC emissions produced
during DI operation with the porous piston are consistently lower than the metal baseline.
This is illustrated for the fuel-matched DI operation over a range of injection timings, seen
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in Figure 5.24. The change in hydrocarbon emissions was between 0.5 and 6% lower for
fuel-matched DI operation. The reason for this result is identical to the reason for the
shorter combustion duration for the porous piston discussed prior. The weak thermal barrier
produced by the blocked porosity in the porous aluminum layer warmed the piston surface
and enhanced fuel evaporation. As a result, a smaller quantity of fuel is left on the piston
by the time of combustion and the fuel has more time to mix, thereby reducing
compositional stratification. The greater evenness of fuel distribution within the cylinder
means faster chemical kinetics that leaves fewer partial combustion products and unburnt
fuel left by the time the exhaust valve opens. It is also worthwhile noting that the decrease
in HC emissions is completely the opposite effect that surface roughness had, suggesting
the role of the blocked porosity in evaporating the pooled fuel outweighed the presence of
roughness. This effect is especially notable at 340° CA bTDC, where fuel impingement is
the highest, but it only marginally harms the improvement in HC emissions.
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Figure 5.24: Effect of start of injection timing for DI operation on HC emissions with the
porous piston.

Figure 5.25 shows that emissions of carbon monoxide were between 3 to 6% lower
at every injection timing but 290° and 270° bTDC, where the CO emissions increased by
0% and 3% respectively. The reason is similar to the hydrocarbon emissions, wherein the
greater evaporation rate of pooled fuel means lower charge stratification prior to
combustion. The reduction in fuel-rich zones lead directly to a decrease in the amount of
carbon monoxide created. Based on the decreases in emissions relative not only to the
rough piston, but also the baseline, the aluminum “thermal barrier” seems to have increased
the rate of fuel evaporation beyond the level of the baseline, causing an even lower level
of charge stratification.

Figure 5.25: Effects of porosity and start of injection timing on carbon monoxide emissions
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Impact of roughness and porosity on particulate emissions
The anticipated fuel interactions with open pores and roughness of the top surfaces
of the two pistons investigated were expected to create additional particulate emissions. It
was anticipated that greater fuel pooling in the surface roughness and fuel storage in the
porous coating would lead to locally rich conditions conducive to particulate formation.
However, it can be observed from Figure 5.26 that roughness led a decrease in soot mass
between 2.7% to 32.9% and the combined rough and porous surface reduced soot mass
between 36.6% and 63.2% under DI operation. As a reminder, the conversion of particle
number and size is performed using equation 3.3 in the section on the DMS500.

Figure 5.26: Particulate mass for baseline, rough, and porous pistons for fully premixed
and direct injection operation from 1200 to 2000 RPM, 11mg fuel/cycle, 90°C
intake, Φ = 0.725, 48% internal residual.

Looking at the particle concentration as a function of the particle diameter at 2000
RPM, 10.3 mg of fuel per cycle, and 90C intake temperature (Figure 5.27), DI operation
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produces a distinct bimodal emissions profile, with a small “nucleation” peak at around
10nm and a second “accumulation” peak near 90-100nm. The nucleation mode represents
small particulates that have not had a chance to grow significantly or coagulate. The
consensus seems to be that the nucleation mode in HCCI engines is predominantly
unburned gaseous hydrocarbons that condense during the expansion stroke with the
decreasing saturation capacity of the colder combustion gases [9,82,83]. The accumulation
mode is formed from the continued growth and coagulation of particulates. The presence
of sizeable accumulation mode means there are inhomogeneous conditions within the
cylinder, so it can be caused from greater charge stratification, i.e. fuel jet under-mixing,
and fuel pooling on the piston [82,84].

Figure 5.27: Size and concentration distributions for the baseline, rough, and porous pistons
under direct injection operation at 2000RPM, 11mg fuel/cycle, 90°C intake,
Φ = 0.725, 48% internal residual.
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By analyzing the change in concentration and sizes for direct injection in Fig. 5.27,
the presence of roughness causes a roughly 25% increase in the nucleation mode, but a
reduction in the overall accumulation mode concentration over the smooth metal baseline
[84]. An increase in the nucleation mode concentration is the product of lower combustion
efficiency, causing a greater number of hydrocarbon species to condense out of the gas
during the expansion stroke and in the exhaust. The exact cause of the reduced
accumulation mode for the rough piston is not fully understood, but it suggests a reduction
of the total inhomogeneity in-cylinder. This runs counter to the prior results, which suggest
that the rough piston has a greater amount of fuel pooled on the piston, and that it takes
longer to mix, leading to greater charge stratification.
The porous and rough surface takes this reduction in the accumulation mode
concentration a step further. Notably, the presence of porosity on the surface also causes a
greater than five-fold reduction of the baseline nucleation mode concentration. This is due
to the significant reduction in HC emissions under DI operation for the porous piston. The
decrease in the accumulation mode concentration generally signals that less fuel is affected
by diffusion or inhomogeneous conditions. Combined with the fact that surface roughness
increases fuel pooling, most of this additional pooled fuel on the piston surface likely
evaporated before combustion. The result would be a minimal mass of fuel on the piston
surface and reduced charge stratification, leading to lower particulate formation.
Further confirmation for this theory is provided by soot measurements made with
an AVL Microsoot and Cambustion DMS500 at two different coolant temperatures and the
GdZr coating. By decreasing the coolant temperature from 95C to 80C, an increase in the
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total particulate mass of 35% was reported by the DMS500, and an increase of 70% was
reported by the Microsoot at an injection timing of 333° bTDC. Figure 5.28 shows that
particles above 20nm in size increased as the coolant temperature dropped. The only
difference between the two studies was the coolant temperature, thus the change in coolant
temperature affected one of the in-cylinder processes to cause a change in the accumulation
mode mass this significant. One potential explanation is the lower coolant temperature led
to greater heat transfer, lowering gas temperatures and impacting the oxidation of soot.
Similarly, the reduction in coolant temperature may have also affected the evaporation rate
of fuel pooled on the piston bowl. The lower coolant temperature would have decreased
the piston temperature and the total amount of fuel evaporated by combustion. In effect,
the cooler piston increased the amount of fuel pooled in the bowl by combustion. Chen et
al. [85] witnessed a similar increase in particulate emissions while using a blended fuel
with ethanol in a DI engine. The charge cooling effect of the ethanol depressed the
temperature of the fuel pool, causing the rate of evaporation to drop and increasing the
persistence of the liquid fuel on the piston crown into combustion, causing additional soot
emissions.
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Figure 5.28: Impact of coolant temperature on particulate mass concentration, 2000RPM,
11mg fuel/cycle, 90°C Tintake, Φ = 0.725, 48% internal residual.

In DISI engines, fuel impingement often leads to fuel pooling that later is burnt in
a diffusion flame that forms over the fuel film, called a ‘pool fire’ [80]. The late injection
timing for stratified charge engines means that they can have high fuel impingement and
pooling on the piston. As a result, these pool fires have been found to contribute
significantly to the soot emissions emitted from DISI engines [80]. In HCCI, the lack of a
flame front means pool fires do not form. Instead, the evaporated fuel may form a locally
rich fuel-air mixture in the vicinity of the fuel film that continues to combust as more of
the pooled fuel evaporates. In essence, the locally rich zone may persist as long as
combustion occurs or as long as the fuel film persists, whichever duration is shorter. The
combustion of the fuel-rich pocket simultaneously with the rest of the charge explains the
lack of an extended heat release after the main combustion event in figure 5.18b. The
combustion of this long-duration, fuel-rich zone will lead to significant soot production.
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Similarly, gas-phase compositional stratification due to poor fuel-air mixing will also
contribute to soot production.
The reduced soot mass for the rough and porous pistons suggests the presence of
porosity and roughness modified the fuel pooling process and reduced the amount of fuel
present on the piston during combustion. For the porous piston, the most likely explanation
is that the blocked porosity lowered the conductivity of the porous layer, leading to a
greater surface temperature and rate of pooled fuel evaporation. A greater rate of
evaporation ensures that a majority of the fuel is evaporated from the piston and well-mixed
prior to combustion, despite the effects of roughness increasing the amount of pooled fuel.
Additionally, the increased piston temperature would reduce the presence of heavier
residual fuel components with greater boiling temperatures. The reduction in pooled fuel
mass and charge stratification would decrease the total amount of accumulation mode
particulates generated, confirming the results seen in Figures 5.26 and 5.27. These results
are also corroborated by the improvements in CO and HC emissions at all injection timings,
suggesting that injection timing has little effect on charge stratification because all the fuel
was evaporated prior to combustion.
The behavior of the rough piston is a little more difficult to explain. Namely, there
are two competing effects, the increased fuel pooling tendency with surface roughness, and
the greater heat transfer to the rough surface. The effect of greater exposed area at the
piston surface causes a greater heat flux to the surface of the piston, raising the surface
temperature [74]. This increase in surface temperature likely increases the evaporation rate
of the pooled fuel. However, the combustion results indicated that the presence of
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roughness negatively impacted charge stratification, increasing the combustion duration
and leading to higher emissions for DI operation. Yet the combination of these effects leads
to slightly lower accumulation mode concentrations and a lower overall soot mass
concentration. The interplay between these effects is complex and difficult to resolve
without a CFD simulation or verification of the soot formation locations within an optically
accessible HCCI engine. Further insight will be gained later in this section from the
injection timing sweep while using the rough piston.
Similar measurements of particulate mass were made for the fully premixed
experiments, however the external preparation of the air-fuel mixture in the vaporizer for
fully premixed operation means there is no charge inhomogeneity. Thus, there is no fuel
pooling and the total particulate mass is significantly lower for the premixed operation.
However, premixed operation led to such a low mass concentration of soot, the DMS and
Microsoot had difficulty in reliably measuring it. As such, the mass concentration of soot
under premixed operation was lower than for DI.
This study also involved a sweep of injection timings at a fueling of 11mg/cycle to
investigate the impact of fuel targeting and surface characteristics on particulate emissions.
Figure 5.29 shows the particulate concentrations and sizes for the smooth, rough, and
porous surfaces. The smooth piston surface had the highest concentration of nucleation and
accumulation mode particulates across the range of injection timings from 270 to 360°
bTDC firing. The rough piston had the second lowest accumulation mode count, and the
porous piston had a consistently smaller mean accumulation size and concentration.
Notably, the earliest two injection timings, 355° and 360°, also produced the smallest
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accumulation mode concentrations despite having the greatest level of fuel impingement.
Cho et al. [79] measured significant fuel pooling for earlier injection timings with an
identical engine, so further advanced combustion in all likelihood led to a larger mass of
pooled fuel. Combined, this suggests that fuel pooling had an adequate amount of time to
evaporate before combustion regardless of the surface characteristic.
It can also be observed from Figure 5.29 that retarding injection timing from 350°
to 310° bTDC, caused all of the pistons to have a higher concentration accumulation mode,
suggesting an inadequate amount of time for complete mixing for all of the pistons.
Transitioning from a smooth to a rough surface tended to decrease the
accumulation mode concentration, suggesting that less fuel is being burned at locally-rich
conditions. However, it is difficult to quantify the contribution of the gas-phase charge
stratification from under-mixing to that of the evaporating fuel film causing a locally fuelrich region above the piston without having optical access or a CFD model. It is possible
that the increased temperature on the rough piston helped to evaporate more of the pooled
fuel prior to combustion, but too little time was provided for all of the fuel and air to mix.
Similarly, the presence of porosity on the piston surface has a drastic impact on the
concentrations of larger particulates. The accumulation mode is not only a lower
concentration, but also the mean accumulation mode particle size shrank 30-50nm. This
reduction in size and concentration in the accumulation mode signifies that there is less
time for the particulates to coagulate together, due to more homogeneous conditions, so
the particles are smaller. Considering the porous piston has similar roughness to the rough
piston, this is not due to differences in fuel pooling. Thus it is more probable that the porous
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layer acted as a weak TBC and ultimately improving fuel evaporation and reducing the
amount of charge stratification, explaining the results seen in Figure 5.29.

Figure 5.29: Particulate concentrations as a function of particle diameter and start of
injection timing from 360°-290° CA bTDC, 2000RPM, 11mg fuel/cycle,
90°C Tintake, Φ = 0.725, 48% internal residual.
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The variation in soot mass concentration for the baseline, seen in Figure 5.30, at
different injection timings is likely the effect of varying time available for mixing and the
changing level of fuel impingement. The reduction in the accumulation mode particles is
evident in the total soot mass concentrations for the porous piston at every injection timing
due to the greater rate of fuel evaporation and mixing of the evaporated fuel. Thus, the total
mass concentration decreased between 3 and 86% relative to the baseline. Contrastingly,
the increase in injected fuel mass to 11mg/cycle led to higher mass concentrations of soot
for the rough piston. Comparing this with the earlier result at a lower fueling for the rough
piston suggests the level of fuel pooling and soot emissions are more sensitive for the rough
surface than for the smooth or porous ones. The increase in mass is a direct result of a
larger amount of pooled fuel, and thus combustion under fuel-rich conditions. Plotting the
soot concentration as a function of particle diameter on a logarithmic scale graph, seen in
Figure 5.31, shows that the concentration of particles larger than 200 nm were nearly an
order of magnitude larger than for the smooth and porous pistons. While the peak
accumulation counts decreased, the size of the average particles increased for the rough
piston, suggesting a longer residence time of the fuel-rich zone above the fuel film was to
blame. Also, the fact that the concentration of the very large (>200nm) particulates are two
to three orders of magnitude lower than the peak nucleation mode mean that this result is
hidden in non-logarithmic plots like Figure 5.29.
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Figure 5.30: Particulate mass concentrations as a function of surface roughness and open
porosity and start of injection timing from 360°-270° CA bTDC at
2000RPM, 11mg fuel/cycle, 90°C Tintake, Φ = 0.725, 48% internal residual.

Figure 5.31: Particulate concentrations as a function of particle diameter and start of
injection timing from 333° CA bTDC, 2000RPM, 11mg fuel/cycle, 90°C
Tintake, Φ = 0.725, 48% internal residual.
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In summary, the interactions of the fuel spray with the rough and porous surfaces
affected the mass concentration of soot emissions. The main contributing factor was the
impact on the accumulation mode particles, or particles greater than roughly 30nm in
diameter and up to 300nm typically. It is hypothesized the fuel film on the piston causes a
fuel-rich zone to form above the piston surface as it evaporates, causing soot formation as
it combusts. However, it should be noted that this pocket is combusted along with the rest
of the charge all at once. Additional soot emissions form due to the inhomogeneity caused
compositional stratification.
At low fueling rates typical of fuel-matched operation, the accumulation mode
concentrations decreased for the rough and porous pistons. The blocking of the porosity
and behavior of the porous layer as a weak TBC led to greater fuel evaporation rates that
reduced the persistence of the fuel pool, encouraging greater mixing and reduced soot
emissions at every operating point, regardless of engine speed and fueling rate. Decreased
soot mass concentrations measured at higher coolant temperatures corroborated this
hypothesis.
The rough piston also caused reductions in the soot mass concentration, however
the reason for this was unclear. As with the porous piston, the concentration of
accumulation mode particles decreased at low fueling rates, lowering the total soot mass
and suggesting less combustion of fuel-rich areas. However the level of soot mass relative
to the baseline increased as the amount of fuel injected per cycle did, causing a net increase
in the soot mass over the baseline. Upon further inspection, the additional mass was due to
an increase in the particulate concentration of particles greater than 200nm, suggesting an
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increase in the number and persistence of fuel-rich zones within the cylinder. The greater
mass of fuel impinging on the piston likely led to a larger fuel film on the rough surface
and this increase in the large accumulation mode particles. The greater mass of fuel took
longer to evaporate and mix fully, causing an increase in charge stratification and soot mass
concentration. The effects of roughness on fuel pooling and compositional stratification
seem to be competing with the increased piston temperature on the fuel evaporation rate.
However, these factors seem to be the driving factors in determining the effects of
roughness on soot emissions. However, the net result of these effects is difficult to project
without an optically-accessible engine or a CFD simulation of the fuel pooling,
evaporation, and mixing processes. As such, further research into the effects of roughness
on particulate formation is warranted, but it is safe to say that excessive levels of roughness
and open porosity in ceramics both should be avoided.

Conclusions from Experiments Characterizing Open Porosity and Surface Roughness
Effects on LTC
Interactions between the open porosity and roughness of a highly porous and rough
ceramic thermal barrier coating led to a substantial increase in emissions and heat transfer,
which resulted in lower thermal efficiency. This motivated a deeper look into the effects
of coating surface characteristics on LTC and whether they were worthwhile to consider
for future coating development.
An attempt was made to isolate the effect of roughness from open porosity by
applying a different finish to the piston top, i.e. grit blasting, to cause roughness on the
level of 12μm, and using the air-plasma spray method to deposit a 150μm layer of porous
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aluminum. The porosity of the latter was approximately 20%, and this was accompanied
by an average roughness of 11.2μm. Investigation of surface roughness revealed increases
in heat transfer for fully premixed operation, which negatively affected thermal
stratification, slowing the chemical kinetics and reducing the rate of heat release. Under
direct injection operation, the effects of roughness on LTC were far greater in magnitude
due to the compounding effects of increased heat transfer and greater compositional
stratification. The charge stratification was a result of the rough surface increasing both the
flow drag on the impinging fuel spray and fuel pooling. The slower gas motion and
increased duration required to evaporate the pooled fuel slowed chemical kinetics and
increased emissions. Additionally, the greater fuel pooling and charge stratification led to
an increase in the soot mass concentration, however the magnitude depended on the amount
of fuel impinging on the rough piston surface. Roughness notably increased the
concentration of particles larger than 200nm at high rates of fueling, leading to the increase
in the total soot mass concentration.
The direct injection experiments with the porous piston showed an entirely different
behavior. Despite having a level of surface roughness similar to that of the rough piston,
the level of heat transfer was lower for the porous piston. This suggested that the porosity
on the piston had become partially blocked and acted as a weak thermal barrier. Visual
inspection of the porous layer surface confirmed the presence of carbon deposits blocking
some of the open porosity. The reduction in thermal conductivity of the porous layer
contributed to a higher surface temperature and greater rate of evaporation of pooled fuel.
Furthermore, this led to a greater mixing duration, enabling the evaporated fuel to mix fully
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and causing less charge stratification. The result was simultaneously lower HC, CO, and
soot emissions regardless of fueling level or injection timing.
Overall the effects of roughness seem to be mostly through charge stratification
effects under DI operation. This means that its presence in an engine with a high level of
fuel impingement will cause comparatively large increases in emissions and should be
avoided. A large fraction of the emissions increase with the YSZ-SP Generation 2 coating
is due to surface roughness.
Open porosity is potentially a major problem for increased heat transfer and lower
thermal efficiency due to the inflow of hot combustion gasses. This level depends
somewhat on the porosity of the coating, but the 20% porous layer used in this investigation
had fairly significant increases in heat transfer for the first experiment. The presence of
porosity also caused fuel storage for premixed (gaseous) fuel and increased hydrocarbon
emissions.
Subsequent experiments led to a reversal of the trends as the combustion chamber
deposits started blocking the open pores, and effectively converting the porous aluminum
layer into a weak thermal barrier. Therefore, a comprehensive examination of all the
experimental results indicates a somewhat inconclusive effect of porosity on LTC. The
porous aluminum layer was somewhat rough, but its porosity was still much more regular
than the 2nd generation YSZ-SP coating. While the combustion chamber deposits played a
positive role in the investigation of the porous aluminum piston, it is unlikely that they
would offset the negative impact of heightened roughness and irregular, open porosity that
accompanies attempts to create highly porous, low thermal conductivity coatings. In short,
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the use of severely elevated porosity levels to create low-conductivity ceramic thermal
barrier coatings is fraught with danger, due to durability concerns, seen in Chapter 4, and
interactions with coating roughness and open porosity, and is not the way to go. Instead,
an alternative pathway to low thermal conductivity coatings is proposed in Chapter 6.
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CHAPTER SIX
ACHIEVING LOW THERMAL CONDUCTIVITY COATINGS BY USING
GADOLINIUM ZIRCONATE

Significant incremental improvements in HCCI emissions and efficiency achieved
using a low thermal conductivity YSZ coating with structured porosity motivated the
pursuit of coatings with even lower conductivity. Prior attempts with high porosity YSZSP coatings uncovered the pitfalls too, such as: negative effect on coating durability, and
adverse fuel interactions. Lessons learned prompted a major change of course: rather than
relying on porosity reduce conductivity, the goal in this chapter is to find a material with a
naturally low conductivity that can provide favorable behavior even if applied as a dense
coating. One candidate material is gadolinium zirconate, which has a thermal conductivity
of 1.6 W/m-K in a fully dense form, compared to YSZ’s conductivity of 2.3 W/m-K [68].
When created with a ~10% overall porosity level and inter-pass boundaries, the
conductivity can be brought down to approximately 0.65 W/m-K, almost half that of the
low-porosity APS-YSZ coating investigated in Chapter 5. The properties of the gadolinium
zirconate coating with moderate structured porosity (abbreviated GdZr-SP) are given in
Table 8.1 below. The properties for the YSZ and YSZ-SP coatings are also included for
reference. It is anticipated that the use of a lower thermal conductivity coating material will
enable durable coatings with better efficiency and emissions improvements than the highporosity coatings, without pitfalls related to rough surfaces and erosion.
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Process/ Material
APS / YSZ
SPPS / YSZ-SP
SPPS / GdZr-SP

Thermal Conductivity
(W/m-K)
1.3-1.7 [34]
0.8-1.2
0.65

Thermal Diffusivity
(mm2/s)
0.5-0.64 [34]
0.3-0.49
0.5

Porosity
(%)
8-15 [34]
10-15
10-15

Table 6.1: Selected coating properties for the gadolinium zirconate thermal barrier coating
with structured porosity. The YSZ and YSZ-SP coatings are included as a point
of comparison.

The gadolinium zirconate coating was plasma-sprayed onto a piston and heat flux
probe, using the same process applied to the YSZ-SP coating in Chapter 5. A 50 micron
NiCrAl bondcoat was first applied to the piston and heat flux probe surface, then overlaid
with a 100 micron layer of gadolinium zirconate with structured porosity. The gadolinium
layer was plasma sprayed using the SPPS process, more detailed information on the
precursors used and the process can be found in Chapter 4 and [68]. A cross section of the
GdZr-SP coating is shown in Figure 6.1 below. The lighter top layer is the gadolinium
thermal barrier layer and the darker lines running horizontally are inter-pass boundaries
that help to reduce thermal conductivity. The layer below is the bondcoat, on top of a
homogeneous substrate (Aluminum).
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Figure 6.1: Cross section of the lighter gadolinium zirconate thermal barrier coating layer
with structured porosity.

Experimental Results with a Gadolinium Zirconate TBC
Characterization of the GdZr-SP coating was first conducted under the fuelmatched protocol to understand the impact of the coating on LTC emissions and efficiency
under real-world conditions. Next, a second round of experiments was pursued under fuelmatched/phasing-matched conditions to eliminate the impact of phasing on the cycle
results and emissions. Details on the fuel-matched and fuel-matched, phasing matched
operating procedures are given in Chapter 4 in the “Methodology” subsection. The
operating conditions used for the metal baseline and GdZr-SP coating are provided in Table
6.2. Comparisons are also made with the YSZ and YSZ-SP coatings investigated in Chapter
4, the conditions for these experiments are listed in Table 4.5.
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1200

11.7

86

1600

10.5

83

10.3

102

RGF (%)

90

Phi’(φ’)

2000

10.3

Metal

Phi (φ)

Tintake (°C)
90

EGR (%)

Fueling
(mg/cycle)

1600

10.5

Piston Type

Speed
1200

90

2000

Operation
FM
FMPM

11.7

0.685

0.373

44.7

0.686

0.371

45.1

0.693

0.339

50.0

0.691

0.336

50.5

0.685

0.338

49.7

0.695

0.338

50.0

0.0
GdZr-SP
Metal
GdZr-SP

0.0

Metal
GdZr-SP

0.0

Metal

0.0

0.685

0.373

44.7

GdZr-SP

13.4

0.685

0.357

38.9

Metal

0.0

0.696

0.338

50.4

GdZr-SP

12.1

0.694

0.327

45.1

Metal

0.0

0.694

0.341

49.5

GdZr-SP

11.3

0.694

0.329

45.0

Table 6.2: Operating conditions for fuel matched, and fuel-matched, phasing-matched
experiments with the Gadolinium Zirconate TBC.
The gadolinium zirconate coating’s low thermal conductivity causes a significant
temperature swing during the compression stroke, thus reducing the temperature difference
between the bulk gas and the combustion chamber wall. This reduced heat transfer
increases the cylinder pressure and temperature during compression, increasing the rate of
chemical kinetics and advancing combustion. Figure 6.2 shows the advance in combustion
phasing for the GdZr-SP coating was about 6°CA at 1200 RPM and about 4° at 1600 RPM.
This drastic advance in combustion phasing for the GdZr-SP coating led to reduced
combustion duration between 1200 and 2000 RPM and a much higher rate of combustion,
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as shown in Figure 6.3. At 1200 RPM, the duration of the 10% to 90% mass fraction burned
period was nearly halved from 9.8 degrees for the baseline, to 5 degrees for the GdZr-SP
coating. The combustion duration also decreased for 1600 and 2000 RPM, but not as much
as at 1200 RPM.

Figure 6.2: Phasing of 10%, 50%, and 90% burned mass fraction, early burn (CA10-50)
duration, and late burn duration (CA50-90) for fuel-matched operation with the
uncoated metal baseline and GdZr-SP coating.
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Figure 6.3: Heat release rate for baseline and GdZr-SP coating at 1600 RPM under fuelmatched operation.

The GdZr-SP coating greatly reduced hydrocarbons and carbon monoxide over the
range of speeds investigated. Table 6.3 shows that unburned hydrocarbons decreased up to
34% and carbon monoxide emissions up to 42% while using the gadolinium TBC. We can
infer that GdZr-SP produced a large temperature swing on the surface, reduced the heat
transfer and increased the temperature in the wall-affected zones, enhancing combustion
and expansion. As a result, both the rate of chemical kinetics in these zones and the portion
of the air-fuel mixture achieving autoignition were increased, thus reducing the amount of
partially burned products. The combustion efficiency increased between 1.0% and 1.5% as
seen in Table 6.3. A comparison with the prior fuel-matched YSZ and YSZ-SP results in
Table 4.9 show that the GdZr-SP coating created additional incremental improvements in
emissions and combustion efficiency due to its thermal conductivity. While greater NOx
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emissions were expected for the GdZr-SP coating due to the greater rates of combustion
and higher gas temperatures, increases of 550% at 1200 RPM and by 123% between 1600
and 2000 RPM were higher than anticipated. The NOx emissions index reached 1.61 for
fuel matched operation at 1200 RPM, meaning that nitrogen oxide emissions are a potential
concern for LTC operation at advanced phasings. This is not so relevant in the context of
impending Tier 3 emissions regulations, since the new ultra-low levels specified in the
regulation will require some sort of NOx aftertreatment for any practical LTC concept.

Engine Speed
1200 RPM
1600 RPM
2000 RPM

Hydrocarbon
Emissions
-32.3%
-24.1%
-34.4%

Carbon Monoxide
Emissions
-31.5%
-32.9%
-41.6%

Nitrogen Oxide
Emissions
550%
123%
123%

Combustion
Efficiency
1.4% ± 0.08%
1.0% ± 0.07%
1.5% ± 0.08%

Table 6.3: Change in emissions and combustion efficiency under fuel-matched operation
for the GdZr-SP coating relative to the metal baseline.

The reduction of heat transfer during combustion and expansion increased the
cyclic work output and gross indicated thermal efficiency given in Figure 6.4, by 1.6% to
4.7%. The increase in indicated efficiency at 1200 RPM was low due to a very advanced
combustion phasing of 0.6 degrees aTDC. This is significantly away from the optimum
phasing [9]. It is exceptional that the gadolinium zirconate thermal barrier was still able to
produce a 1.6% increase in thermal efficiency despite being phased only slightly after TDC.
Improvements of the indicated efficiency at 1600 RPM and 2000 RPM are remarkable,
4.4% (1.8 percentage points) and 4.7% (1.9 percentage points), respectively.
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Figure 6.4: Increase in gross indicated efficiency with gadolinium zirconate coating under
FM operation.

Since the advance in combustion phasing adds a secondary effect, a second round
of experiments attempted to control the combustion phasing and achieve a CA50 timing of
7° CA aTDC at all speeds. The details of the experimental procedure for “phase matching”
are available in the methodology section of Chapter 4. Likewise, the experimental
conditions used for FMPM operation with the GdZr-SP coating are listed in Table 6.2.
For fuel-matched, phase-matched operation, the GdZr-SP coating required between
11.3% and 13.4% (Table 6.2) of external EGR. This led to an increase in the total charge
mass between 3.4% and 4.0% over the baseline, and a slight increase in cylinder pressures
for the gadolinium zirconate TBC, seen in Figure 6.5. While peak cylinder pressures
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increased, the use of EGR successfully matched the rates of heat release, visible in Figure
6.6, and phased combustion at 7°CA.

Figure 6.5: Cylinder pressure for 1600 RPM fuel-matched, phase-matched operation with
the baseline and GdZr-SP coating.

Figure 6.6: Rates of heat release for 1600 RPM fuel-matched, phase-matched operation.
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With combustion phasing matched, Figure 6.7 shows the GdZr-SP coating
experiences a longer 10%-50% burn duration. Based on the data from Figure 6.7 and
observations from experiments with the YSZ and YSZ-SP coatings in Chapter 4, it seems
the early burn duration increases slightly with greater external EGR usage. This supports
the theory put forward in Chapter 4 pointing to dilution slowing the chemical kinetics in
the early part of combustion. In contrast, this is combined with a shorter 50%-90% burn
duration with the gadolinium zirconate TBC. Similar increases in the burn-up rate were
seen with the YSZ and YSZ-SP coatings, with lower coating thermal conductivity causing
shorter late-burn durations. The link with thermal conductivity suggests that the
temperature swing likely causes warmer wall-affected regions, thus sustaining a greater
rate of chemical kinetics in the latter half of combustion. This result echoes the decreases
in 50%-90% mass fraction burn duration with greater coolant temperatures seen by Chang
et al. [18]. Importantly, this link reinforces the relationship between a TBC’s thermal
conductivity, its temperature swing, and impact on chemical kinetics in near-wall zones.
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Figure 6.7: Phasing of 10%, 50%, and 90% burned mass fraction, early burn (CA10-50)
duration, and late burn duration (CA50-90) for fuel-matched operation with
baseline and GdZr-SP coating.

The greater rate of chemical kinetics in the wall-affected zones with the GdZr-SP
coating reduces emissions of UBHC and CO. The magnitude of the improvements over the
metal baseline are somewhat lower than for the fuel-matched operation highlighted earlier,
due to the negative effect of additional cooled residual on the combustion rate. This
reduction is not unexpected though, since it was also seen with phase-matched runs for the
YSZ and YSZ-SP coatings. Overall, Table 6.4 shows reductions of unburnt hydrocarbons
between 6.2% and 16.2%, while carbon monoxide emissions decreased between 7.3% and
21.6%, far exceeding reductions with the low-conductivity YSZ-SP coating (Table 4.10).
Expectedly, the greater emissions reduction with the GdZr-SP coating led to an increase in
combustion efficiency of 0.2% to 0.7%, surpassing the gains for both the YSZ and YSZ-

156

SP coatings. The nitrogen oxide emissions from the engine with the gadolinium zirconate
TBC are obviously higher than the baseline, but not extreme. Table 6.4 shows that NOx
emissions were 126% higher at 1200 RPM than for the baseline engine, but a more
reasonable 27% and 39% higher at 1600RPM and 2000RPM respectively. This increase in
NOx emissions is due to greater cylinder temperatures experienced with the GdZr-SP
coating, despite the matched heat release rates.
Engine Speed
1200 RPM
1600 RPM
2000 RPM

Hydrocarbon
Emissions
-16.2%
-11.3%
-6.2%

Carbon Monoxide
Emissions
-7.3%
-21.6%
-13.2%

Nitrogen Oxide
Emissions
126%
27.4%
39.4%

Combustion
Efficiency
0.7% ± 0.08%
0.5% ± 0.07%
0.2% ± 0.06%

Table 6.4: Change in emissions and combustion efficiency under fuel-matched, phasingmatched operation for the GdZr-SP coating relative to the metal baseline.

Figure 6.8 shows that the greatest impact of the GdZr-SP coating was on gross
indicated efficiency, with gains ranging from 5.3% to 5.9%. This is directly due to the large
temperature swing experienced during combustion that lowers heat transfer and instead
enhances the expansion work. The increased magnitude of thermal efficiency gains
compared to fuel-matched results is due to optimal phasing combustion. By comparing the
thermal efficiency results for the GdZr-SP coating with those of the YSZ and YSZ-SP
coatings from Chapter 4 in Figure 6.9, it is evident that reduced thermal conductivity of
TBCs can be converted directly into efficiency gains.
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Figure 6.8: Increase in gross indicated efficiency with gadolinium zirconate coating under
FMPM operation.

Figure 6.9: Increase in gross indicated efficiency with decreasing TBC thermal
conductivity for YSZ, YSZ-SP and GdZr-SP coatings.
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Examining the incremental work produced during each stroke can provide greater
insight into the effect of the GdZr-SP thermal barrier coating on cycle work. Figure 6.10
shows the instantaneous cycle work and integrated mean effective pressure, i.e. specific
work, per stroke at 1600 RPM under FMPM operation. The temperature swing provided
by the GdZr-SP coating ensures that pumping work required for gas exchange is not
adversely affected, as evidenced in Figure 6.10. Likewise, the work input for the
compression stoke doesn’t change noticeably with the TBC. However, the integrated work
output for the expansion stroke experiences a large increase for the GdZr-SP coating, and
is responsible for the 5.9% greater thermal efficiency. This is due to the coating’s
temperature swing reducing heat transfer and converting more fuel energy into mechanical
work.

Figure 6.10: 1600 RPM FMPM stroke-wise MEP [33].
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The use of thermal barrier coatings also enabled a shift in the HCCI operating
limits. The propensity of TBCs to retain compression heat results in greater temperatures
and pressures near TDC that advance the autoignition point. This has two primary impacts.
First, the advance in combustion phasing lowers the cyclic variability in work output,
which extends the HCCI low load limit. The criteria for the low load, or misfire limit is 3%
cycle-to-cycle variation in indicated mean effective pressure. Figure 6.11 shows a
significant decrease in the low load limit with decreasing coating thermal conductivity. The
greatest decrease was for the GdZr-SP coating, which lowered the load at the misfire limit
between 37 and 52 kPa IMEP. Likewise, the faster rate of combustion with the TBCs led
to a decrease in the high load limit. The relative change in the high load limit in Figure
6.11 was not as significant as the extension of misfire limit. In addition, the adverse effect
on the “ringing limit” since there are several methods available to mitigate it, such as cooled
EGR or water injection. As a result, the total operability range increased by 19% for the
YSZ coating, 27% for the YSZ-SP coating, and a total of 37% for the GdZr-SP coating!
The overall extension of the HCCI operating limits with TBCs will enable greater
improvements in part-load efficiency and larger real-world gains in vehicle fuel economy.
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Figure 6.11: Shift in HCCI operating limits with YSZ, YSZ-SP, and GdZr-SP thermal
barrier coatings.

Conclusions
Prior studies of YSZ coatings with structured and unstructured porosity showed
that incremental gains in emissions, combustion efficiency, and thermal efficiency were
possible with lower thermal conductivity coatings. Development of the dense, lower
conductivity GdZr-SP coating was chosen as a new direction in LTC research, and a
comprehensive set of experiments was carried out to quantify the incremental gains over
the metal baseline, as well as the YSZ coatings. Under fuel-matched conditions, gains in
combustion efficiency of up to 1.5% were witnessed, while phasing-matched operation
showed thermal efficiency gains between 5.3% and 5.9% with a 100μm GdZr coating.
Furthermore, the GdZr-SP coating stabilized operation at lower load and increased the
operating envelope by 37% compared to the baseline.
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Emissions and durability issues experienced with high-porosity coatings were to a
large extent mitigated by using a relatively dense thermal barrier. Therefore, lower
conductivity materials such as gadolinium zirconate are the desired pathway to achieving
durable, low conductivity coatings for use in LTC engines, since they yield extraordinary
benefits without a need to resort to porous and rough coatings.
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CHAPTER SEVEN
MOTIVATION FOR USING CATALYTIC COATINGS AS A MEANS TO ACHIEVE
INCREASED LTC COMBUSTION EFFICIENCY

Catalysts offer another pathway for improving the combustion efficiency of HCCI
engines. The purpose of using catalysts is to promote chemical reactions at lower
temperatures by reducing the activation energy [86,87]. When applied to internal
combustion engines, catalysts enable the oxidation of fuel and partial combustion products
at much lower temperatures than would be normally required [9,88–92]. For example,
propane oxidizes on a platinum catalyst at a temperature of 225°C, while a gas temperature
of 493°C would normally be required for it to combust [93]. Prior use of catalytic
combustors in gas turbines enabled complete combustion at lower temperatures, producing
less NOx emissions [92].
The typical use of exhaust catalysts with internal combustion engines enables an
effective, low-temperature way to reduce emissions outside of the engine environment.
While exhaust catalysts help to eliminate harmful emissions, they represent a source of
inefficiency. The combustion of unburned fuel is exothermic [9,90], so the oxidation of
hydrocarbons in an exhaust catalyst means that heat goes to heating the environment and
not towards providing useful work. The use of In-Cylinder Catalysts (ICC) with HCCI
make it possible to recover the energy released from oxidizing unburnt fuel and turn it into
greater cycle work and increased thermal efficiency. Likewise, the oxidation of unburnt
fuel and partial combustion products in-cylinder would simultaneously reduce engine-out
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emissions and increase combustion efficiency. As a secondary benefit, the radicals and heat
generated from the oxidation of unburnt fuel and incomplete combustion products over incylinder catalysts would help promote low temperature combustion [6,8,15,17,26,94].

Heterogeneous Catalysis Mechanism
There are two types of catalysts, both heterogeneous and homogeneous.
Homogeneous catalysts share the same phase as the material they are trying to catalyze,
while heterogeneous catalysts are a different phase [86]. This type of catalyst requires that
the reagents adsorb to the catalyst surface, these molecules are then reacted, and the
products desorbed. An example of a heterogeneous catalyst is the solid catalyst in a
catalytic converter used to oxidize gaseous CO and HC emissions. The focus of this section
will lie on heterogeneous catalysts because in-cylinder catalysts fall in this category. The
interactions between emissions species like hydrocarbons and carbon monoxide and
catalyst surfaces are highly complex and are still an active area of research. However, they
typically fall under one of two mechanisms: Mars-Van Krevelen and LangmuirHinshelwood.
The Langmuir-Hinshelwood mechanism is typically found with unsupported and
some supported metal catalysts, such a platinum [87]. With the Langmuir-Hinshelwood
mechanism, the reagents in a reaction must first adsorb onto the catalysts surface. Then,
the reaction can occur between adjacent adsorbed surface species. After the reaction, the
products are desorbed and the newly formed vacancies are filled with fresh reagents and
the process repeats [86,87].
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The Mars-Van Krevelen mechanism is typically found on metal-oxide catalysts,
such as Co3O4, on some metal catalysts like palladium, and on some supported catalysts
[87,95,96]. The Mars-Van Krevelen mechanism involves elemental oxygen adsorbing into
the lattice structure of the catalyst, which subsequently reacts with the adsorbed reagent to
oxidize it [86,87,96]. In the process, the reagent reduces the surface by reacting with the
lattice oxygen. After the reaction is complete and the products desorb, the catalyst surface
is re-oxidized by an oxygen molecule that incorporates itself back into the lattice. The
transfer of electrons between the catalyst and the reagents means that the Mars-Van
Krevelen mechanism is a redox-type reaction [87].
The overall rate of reaction is a strong function of the temperature at the catalyst.
At low temperatures, the kinetics on the surface of the catalyst are the slowest part of the
reaction (Region 1 in Figure 7.2) [90]. However, as the temperature increases, the reaction
rate starts increasing exponentially, reaching lightoff. Increasing the catalyst temperature
further will cause the reaction rate to outpace the mass transport speed of reagents and
products to and from the catalyst, limiting the overall reaction rate and causing the activity
to plateau (Region 2 in Figure 7.2). Further increases in temperature cause gas-phase
ignition and combustion (Region 3 in Figure 72.).
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Figure 7.1: Reaction rate in an air-fuel mixture as a function of temperature [90].

Due to the complex nature of catalytic oxidation, there are multiple pathways that
the process can take, all of which depend on the conditions at the catalyst. Catalytic
oxidation of propane, for example, has about 100 intermediate species and 2000 reactions
[93]. As a result, complete kinetics mechanisms for hydrocarbon oxidation of propane and
shorter hydrocarbons are the only ones developed so far [94,97].

Catalytic Chemical and Thermal Enhancement
Catalytic combustion on in-cylinder catalysts can facilitate gas-phase ignition and
combustion through thermal and chemical enhancement, and would promote LTC.
Thermal enhancement occurs when the heat from catalytic combustion increases the rate
of reactions that initiate combustion [90]. Thermal enhancement occurs due to the
exothermic nature of catalytic combustion of hydrocarbons, with the energy released
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heating the cylinder charge [90,93]. The level of heat released is a function of the reaction
rate, temperature and equivalence ratio. Richer air-fuel mixtures tend to have higher rates
of heat release due to a greater concentration of fuel, seen in Figure 7.2 [90]. The activity
of the catalyst also influences the rate of heat release, a highly active catalyst such as
platinum will lead to a greater heat release rate than a less active catalyst, such as Cr 2O3
[90]. The difference in activity between both catalysts can be seen in Figure 7.2. In the case
of platinum, the heat generated from catalytic oxidation can be quite substantial, even under
lean (φ=0.5) conditions. The energy released and resulting higher cylinder temperatures
from catalytic combustion increase the rate of the chemical kinetics governing the ignition
process to decrease the ignition delay or flame development period depending on the type
of combustion [9,90,93]. While the thermal enhancement can be near-zero with less active
catalysts or under lean conditions, chemical enhancement from the creation of intermediate
hydrocarbon species and radicals during catalytic combustion can still be significant.
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Figure 7.2: Heat release rate from catalytic combustion of propane on different catalysts
[90].

An additional way that catalysts help to promote the combustion process is through
chemical enhancement of the cylinder charge. Chemical enhancement of the ignition and
combustion processes occur with catalytic combustion due to the release of radical species
and partially oxidized intermediate hydrocarbons [9,90,93,94]. When hydrocarbons are
oxidized over a catalyst, radicals such as O, H, OH-, and CH3 are created at the surface
[90,94]. When a reasonable concentration of these radicals is present throughout the
charge, they begin to react with other hydrocarbon molecules. The O, H, OH-, and CH3
radicals remove hydrogens from the hydrocarbons and form additional radical species,
such as alkyl, allyl, phenyl, and benzyl radicals [90]. Afterwards, these hydrocarbon
radicals break down further through either oxidation or pyrolysis to produce H, HO2, and
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CH3 radicals. Additionally, smaller intermediate hydrocarbons and radical hydrocarbon
species are also produced by combustion on the surface of the catalyst (Figure 7.3)
[90,93,94]. The combined generation of radical species and smaller intermediate
hydrocarbons help to increase the rate of the reactions responsible for ignition and gasphase combustion [9,90,93,94]. While thermal enhancement was strongly affected by the
catalytic activity of the catalyst, chemical enhancement was found to be significant even
for very low reactivity catalysts such as plasma sprayed zirconia [90]. Figure 7.4 shows the
greater hydrocarbon reaction rate on platinum, Cr2O3, and zirconia (PSZ) catalysts than for
the gas-phase chemistry, which translates into a faster accumulation of radical and
intermediate hydrocarbon species that promote earlier ignition and combustion. Lee et al.
[90] also noticed that the level of hydrocarbon conversion decreased in leaner conditions,
but was still significant. The combination of heat and radicals generated through catalytic
combustion mean that catalysts not only can oxidize emissions, but can also influence the
HCCI ignition and combustion processes.
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Figure 7.3: Intermediate chemical species present due to catalytic oxidation of n-hexane
on a Cr2O3 catalyst at 10 atmospheres of pressure and an equivalence ratio
φ=4.0 [90].
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Figure 7.4: Greater rate of n-hexane conversion over platinum, chromium oxide, and
zirconia (PSZ) catalysts than for the gas-phase chemistry, leading to chemical
enhancement of ignition and combustion [90].

The Impact of In-Cylinder Catalysts on SI Combustion and Emissions
There have been a number of studies completed using in-cylinder catalysts for the
purposes of emissions abatement and promotion of lean combustion. However, the main
body of this literature was used with spark-ignition combustion, which is fundamentally
different than LTC. Despite this, several LTC-relevant trends appeared as a common
theme: in-cylinder catalytic abatement of emissions, and the impacts of the catalysts on
chemical kinetics.
While using in-cylinder catalysts, a number of studies found sizeable decreases in
unburnt fuel and carbon monoxide emissions [89,97–101]. The decrease in hydrocarbon
emissions reached between 15 and 33% in some experiments [97,99,101], while the change
in carbon monoxide emissions decreased by up to 13% [97,100,102]. The magnitude of the
reduction was not always consistent though, one study by Tomazic et al. [101] found a
sizeable decrease in HC emissions, but virtually no change in CO emissions. Figure 7.5
shows the improvement in UBHC emissions with a catalyst as a function of lambda from
this study. Not only did the TiO2 catalyst tested by Tomazic et al. [101] reduce hydrocarbon
emissions, it maintained this reduction over the entire range of lambda values investigated
(see Figure 7.5). This behavior is consistent with other experimental studies [99,100].
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Figure 7.5: HC emissions as a function of lambda in a Spark Ignited Engine at 2000 RPM,
5 bar BMEP, adapted from [101].

The improvements in emissions were found to increase with higher load due to
greater combustion chamber temperatures but decrease with greater speed due to reduced
residence time over the catalyst [99,101]. One of the issues with emission oxidation by gasphase reactions are the high temperatures required for these reactions. Below this
temperature, the reaction rates slow dramatically and the chemistry freezes for the rest of
the cycle, until the emissions are expelled into the exhaust [9]. Combine this fact with the
decreasing gas temperature during the expansion stroke, and the total window of time each
cycle to oxidize emissions post-combustion is short. The higher activity and lower lightoff
temperatures with catalysts enable these emissions to be oxidized over a greater range of
temperatures, typically hundreds of degrees lower than those required for gaseous
reactions, and for longer each cycle [89,92,93,103–105]. The overall result are lower
hydrocarbon and carbon monoxide emissions than with non-catalytic engines. An
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additional positive feature is that a catalyst in the combustion chamber achieves lightoff
quicker than an exhaust-mounted catalyst would, decreasing the emission of hydrocarbons
during warm-up [99].
The effects of catalysts on nitrogen oxide emissions has been somewhat mixed.
Some studies have found up to 20% increases in NOx emissions due to more advanced
combustion with greater peak firing temperatures and pressures [88,97,99,100,102], while
some cases found reductions in Nitrogen oxide production [101]. Significant reductions in
NOx emissions were found with internal combustion engines optimized for lowtemperature catalytic combustion [92].
One unexpected trend arose during some experiments performed with in-cylinder
catalysts was the difference in impacts on emissions between catalyst coated piston crowns
and ones applied to the crevice. It is widely accepted that a major source of unburnt fuel in
engines is from fuel stored in the crevice around the piston [9], so the application of a
catalyst to this area would help reduce HC emissions greatly. A few studies have found a
greater reduction in hydrocarbon emissions with partial catalysts applied to the crevice
region of the piston, than with a catalyst applied to the entire piston crown [97,99,102].
Additionally, the full coating caused an advance in combustion phasing with a
correspondingly higher peak temperature, and a lower temperature during the expansion
stroke. It was hypothesized the lower temperatures after combustion reduced hydrocarbon
oxidation for the full-coverage catalyst, so the partial coating experienced a greater
reduction in unburnt fuel emissions [97,99,102]. Due to the impact on the overall
combustion process and the higher combustion temperature, the full coating reduced CO
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throughout the charge and increased NOx (See Figure 7.6), while the partial coating was
found to have less of an effect on CO oxidation and a small increase in NOx, because the
coating mainly oxidized fuel in the crevice region [89,97,99,101]. The partial-coverage
catalysts notably didn’t affect combustion phasing, only the oxidation of unburnt
hydrocarbons stored in the crevice. As such, the partial coating oxidized hydrocarbon
emissions at the source, while the full-coverage catalyst had an impact on the overall
combustion process.

Figure 7.6: Impact of partial and full catalytic coatings on emissions [97].

A final byproduct of in-cylinder catalysts is on the chemical kinetics responsible
for flame development in SI combustion. It has been found that catalysts shorten the flame
development period for SI combustion, and require less spark advance for a fixed
combustion timing [88,98,99,101,102]. The faster flame development reactions are due to
the heat and radicals, or thermal and chemical enhancements, produced by the catalyst that
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increase the chemical reaction rate prior to the propagation of the flame front. One study
by Tomazic et al. [101] found a similar result, however it led to faster SI combustion. Under
fixed ignition timing, the shorter flame development period found with a TiO2 catalyst
caused combustion to advance. While there may be an enhancement of the laminar burning
speed by the presence of fuel radicals, the turbulence intensity has a much greater impact
on the rate of combustion, due to being nearly an order of magnitude higher [9,99]. The
earlier combustion phasing would mean a greater turbulence intensity, which would
explain the greater rate of combustion.
Another byproduct of the enhanced ignition chemistry is a lower spark energy
required at leaner air-fuel ratios [88], seen in Figure 7.7. Another benefit of ICCs is they
can host combustion at lower temperatures and at a wider range of equivalence ratios than
for typical gas-phase combustion reactions [91]. Experimental studies have shown one of
the most consistent impacts of catalysts used with spark-ignition engines is an extension of
the lean misfire limit, the point at which the air-fuel ratio becomes too lean to support
complete combustion [88,89,99–101,106–108]. Put another way, the catalyst can stabilize
lean combustion and reduce the cycle-to-cycle variation in work output [101], similar to
Figure 7.8. The greater range of operability with the catalyst, from a lambda of 0.9 to 1.4
(see Figure 7.8), is also evident when compared to the conventional engine which can only
operate between a lambda of 0.95 to 1.35.
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Figure 7.7: Minimum spark energy needed to initiate combustion with a normal
combustion chamber and a copper-coated combustion chamber [88].

Figure 7.8: Standard Deviation in Net Indicated Mean Effective Pressure for a conventional
SI engine and one coated with a TiO2 catalyst over a range of lambda values;
a lower standard deviation means less cycle-to-cycle variability. Adapted from
[101].

There is substantial experimental evidence that in-cylinder catalysts enhance
emissions abatement, promote the ignition process, and stabilize combustion at lean
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conditions. By extension, the ideal application of catalytic coatings is with HCCI engines,
due to the unique kinetics driven combustion and lower combustion efficiency.

In-Cylinder Catalysts for HCCI
The impact of in-cylinder catalysts on spark-ignited combustion were somewhat
limited to the flame development process and oxidation of unburnt fuel and partial
combustion products. This is because the flame front speed is dictated predominantly by
the turbulence intensity which is not changed by the presence of a catalyst. However the
application of in-cylinder catalysts to HCCI engines will have greater benefits to the overall
combustion process, because of its chemical-kinetics dependent nature. The heat and
radicals generated by the oxidation of fuel during the compression stroke will diffuse into
the core of the charge, leading to an earlier ignition timing. A Reynolds-Averaged Navier
Stokes (RANS) CFD model of an HCCI engine [97] with a platinum catalyst predicted a
1° crank angle advance in the ignition timing due to these factors. The energy released by
fuel oxidation over a catalyst will heat the wall-affected regions prior to and during
combustion, causing more of the charge to autoignite and experience faster chemical
kinetics. These reactions will be further accelerated by the diffusion of radicals away from
the catalyst and into the charge. The result is less unburned fuel and fewer partial
combustion products present by EVO. While the RANS model can’t capture the highly
random nature of thermal stratification, the model showed the catalyst raised the peak
combustion temperature by 60 degrees, seen in Figure 7.9A2, and a created a more
homogeneous gas temperature throughout the cylinder. A result of the warmer wall-
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affected regions is a lower concentration of unburned fuel (Figure 7.9B2) and carbon
monoxide (Fig. 7.9C2). Some of this reduction in emissions is due to catalytic combustion.
Comparing Figures 7.9B2 and 7.9C2 with the catalyst against the baseline piston in Figures
7.9B1 and 7.9C2 respectively, shows a drastic reduction in UBHC and CO emissions in
the zone immediately above the catalyst. The CFD model predicted a drop in the total HC
emissions by 15% and a decrease in CO emissions by 13% [97]. A less detailed multi-zonal
model predicted decreases in HC emissions on the order of only 5%, but still predicted an
advance in the ignition phasing and a shorter combustion duration due to the heat and
radicals generated by the catalyst [102].

Figure 7.9: A1) Temperature (K) for baseline case and A2) temperature (K) with platinum
catalyst. B1) Hydrocarbon mass fraction (%) for baseline case and B2)
hydrocarbon mass fraction (%) with platinum catalyst. C1) Carbon monoxide
mass fraction (%) for baseline case and C2) carbon monoxide mass fraction (%)
with platinum catalyst. Adapted from [97].
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The lightoff temperatures for hydrocarbon and carbon monoxide oxidation on the
most common catalysts is in the range of wall temperatures encountered in SI and diesel
engines [99,105]. As such, the conditions experienced at combustion chamber walls in
most engines will support catalytic combustion. Unfortunately, the combustion chamber
temperatures for homogeneous charge compression ignition engines are too low to support
catalytic combustion with platinum group catalysts [18,105,109], and will thus require low
temperature catalysts.

Catalytic Flame Quenching and HCCI
While in-cylinder catalysts have a track record of reducing emissions and
stabilizing lean combustion in internal combustion engines, there have been some cases
with unexplained increases in emissions. This phenomena has been called catalytic flame
quenching in several publications. Flame quenching is normally due to the conduction of
heat from the flame front to the wall, which causes the reactions in the flame to cease and
leave a some unburnt fuel in a boundary layer 0.05 to 0.4mm thick [9,101,104,107,110].
Catalysts are thought to consume a portion of the fuel in the near-wall zones, which causes
the flame front in SI engines to encounter an air-fuel ratio less than the lean burn limit
farther from the wall than the thermal quench limit [89,101,104,107,110]. Thus, catalytic
flame quenching causes the boundary layer thickness to increase, hypothetically releasing
a greater amount of unburnt fuel.
On experimental study found an approximately 35% greater hydrocarbon output
for an HCCI engine with a thick plasma sprayed zirconia coating doped with platinum
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[104]. This rather drastic increase in emissions was attributed to catalytic flame quenching.
Interestingly, the increase in UBHC emissions also occurred with a thick aluminum oxide
thermal barrier coating. However it is extremely unlikely that the alumina surface ever
became catalytic due to the low surface temperature (<160°C) present in low temperature
combustion engines [18,46], and the high (~500°C) lightoff temperatures required for
aluminum [109]. In addition, a thick non-catalytic TBC, such as the 600 micron alumina
coating, would reduce the gas-wall temperature difference and decrease the thermal quench
distance, not increase it as theorized with catalytic flame quenching [9]. In addition to the
lower quench distance, the presence of the catalyst should have reduced UBHC emission
levels based on the prior literature review. As such, it is unlikely that catalytic flame
quenching was to blame for the highly increased UBHC emissions.
Dhandapani et al. [107] created a 1-D simulation of a surface covered in a catalyst
to explore the causes of catalytic flame quenching. Running the simulation with a copper
catalyst showed that the thermal quench distance, see Figure 7.10, is greater than the
boundary layer thickness where the local air-fuel ratio is too lean to support combustion,
at every charge equivalence ratio. As such, the amount of fuel consumed by the catalyst
does not impact the flame quench distance. Instead, the steady diffusion of reagents from
the bulk of the charge to the catalyst keeps this lean boundary layer from growing too large
[107]. Likewise, the catalyst will oxidize some of the fuel left after the flame quenches, in
effect helping to lower hydrocarbon emissions. Figure 7.10 also shows that the thermal
quench distance decreases with the catalyst over the baseline case. No explanation for this
phenomena is provided by Dhandapani et al. [107], but the increase in surface temperature
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from the catalytic reactions would decrease the gas-wall temperature difference and would
reduce the thermal quench distance [26]. The takeaway from this simulation study is that
in-cylinder catalysts don’t increase flame quenching, but help to reduce the effects of it.
This is in line with most of the findings in a number of experimental and simulation studies
performed on catalytic coatings [88,90,97–102].

Figure 7.10: Impact of a catalyst on thermal quench distance and the lean misfire boundary
layer thickness [107].
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CHAPTER EIGHT
EFFECTS OF CATALYTIC COATINGS ON LOW TEMEPRATURE COMBUSTION

Prior chapters on thermal barrier coatings have successfully demonstrated that
manipulating the in-cylinder thermal environment can provide a practical means to
improve combustion efficiency. However, in-cylinder catalysts provide an alternate
approach to achieve the same goal. The detailed analysis of in-cylinder catalysts in Chapter
2 demonstrated their ability to oxidize unburnt fuel and carbon monoxide emissions in SI
engines. Low temperature combustion is unique though, chemical kinetics is the major
rate-limiting factor in both the autoignition and combustion processes, not gas motion. It
is anticipated that catalytically-enhanced oxidation reactions within a LTC engine would
produce additional heat and chemical species in the vicinity of the wall [90,110]. In short,
the greater surface temperature on the catalyst would impact the wall-affected zones and
combustion in a similar manner to thermal barrier coatings, as seen in Chapters 4 and 6.
Likewise, the creation of intermediate hydrocarbon species and radicals will promote
autoignition and enhance the rate of combustion [9,90,104]. The presence of a catalyst in
an LTC environment is anticipated to chemically and thermally enhance the autoignition
and combustion processes, in addition to oxidizing unburnt hydrocarbon and carbon
monoxide emissions post-combustion, leading to higher thermal and combustion
efficiencies.
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Catalysts for Low Temperature Combustion
One added difficulty when selecting the in-cylinder catalysts for a LTC engine is the lower
operating temperatures and higher concentrations of hydrocarbon and carbon monoxide
emissions. Piston temperatures for an HCCI engine have been measured to be between 150
and 165 degrees Celsius at 2000 RPM, well below the lightoff temperature of most
common catalysts [18]. Platinum group metals, specifically platinum, palladium, and
rhodium, are the most active catalysts in exhaust emissions abatement and are the most
stable at high temperatures [9,103,109]; as such, they are the materials of choice in exhaust
catalysts. Additionally, platinum group metals such as platinum, rhodium, and palladium,
the most commonly used materials in 3-Way catalysts for SI engines, would represent a
large additional cost for use as in-cylinder catalysts for production engines. So, higher
reactivity, lower cost catalysts are an active area of research.
Additional research has been initiated into finding suitable non-platinum group
low-temperature catalysts. This research has been motivated by the fact that the exhaust
from Low Temperature Combustion engines is much cooler compared to traditional SI or
diesel engines. Work at Oak Ridge National Lab has focused on developing an inexpensive,
low temperature catalyst for use with a Reactivity-Controlled Compression Ignition
(RCCI) engine, another type of LTC engine [111–115]. A key feature of this catalyst is its
composition, which contains a mixture of three lower-cost transition metal oxides. The
‘CCC’ Catalyst is composed of a 1:5:5 ratio by weight of CuOx – CoOy – CeO2, and has
exhibited lightoff temperatures as low as 150° C for carbon monoxide oxidation (Figure
10.1) [114], one of the main constituents of HCCI emissions [116]. The constituent
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transition metal oxides Co3O4 and CuO are quite reactive for both hydrocarbon and carbon
monoxide oxidation [87,93,95,114,117,118], and lend high reactivity to the CCC catalyst.
Another unique feature of the catalyst is that it is more resistant to competitive
inhibition than typical catalysts, such as platinum and palladium [111,113,114,118].
Conventional platinum-group metal catalysts that could be used with LTC engines suffer
from catalytic inhibition when high concentrations of hydrocarbons and carbon monoxide
are present [113]. This is a problem because of the lower combustion efficiency and
correspondingly higher HC and CO emissions with LTC strategies. Catalytic inhibition
arises when high concentrations of oxygen, carbon monoxide, and hydrocarbons attempt
to bond to a limited number of catalytic sites, which slows the rate of adsorption of both
species and decreases catalyst reactivity [113,114]. This behavior can be seen in Figure
8.1, where the presence of CO reduces the reactivity for ethylene and vice versa on a
palladium catalyst. The addition of 0.1% propylene by volume increases the lightoff
temperature for a palladium catalyst (PdZrSi) from 175°C to 240°C. However, there is no
measureable impact of the additional presence of propylene on CO oxidation for the CCC
catalyst.
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Figure 8.1: Catalyst activity curves showing a 150C lightoff temperature for carbon
monoxide over a CuOy – CoOy – CeO2 (CCC) catalyst and the resistance to
competitive inhibition compared to a palladium catalyst (PdZrSi) [114].

The CCC catalyst avoids this issue by carbon monoxide binding to separate sites
than hydrocarbons [114,118], eliminating competition for the same active sites. Studies
with binary combinations of CuO, Co3O4, and CeO2 have been used to characterize the
interaction between catalysts under carbon monoxide and hydrocarbon oxidation. The
results of this experiment are shown in Figure 8.2. The lightoff curves in Figure 8.2A show
that the cobalt-ceria and copper-ceria interfaces are the most reactive for carbon monoxide
oxidation. This is due to interaction between the catalysts and ceria, which weakens the
metal-oxygen bonds near the interface of both materials [87,114]. This weaker bond
increases the mobility of the oxygen in the lattice such that it can more easily participate
in oxidation reactions at the catalyst surface, which means the presence of catalyst-ceria
interfaces are important in CO oxidation [115,118]. Another point of note in Figure 8.2A
is that the activity of the CCC catalyst is greater than any of the binary combinations,
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suggesting that the synergy between the catalytic materials increase the reactivity of the
catalyst for CO oxidation. Examining Figure 8.2B it is possible to see that the lightoff
activity for the cobalt-cerium and cobalt-copper catalyst was very similar to that of the
CCC catalyst, however the activity of the copper-cerium catalyst was significantly lower.
The culmination of these experimental investigations shows suggests that the active site
for hydrocarbon oxidation is on Co3O4 surfaces within the CCC catalyst [114,118].

Figure 8.2: Reactivity of binary catalyst combinations for A) carbon monoxide and B)
propylene [114].

Both the low-temperature reactivity and the resistance to competitive inhibition
make the CCC catalyst an ideal choice for use as an in-cylinder catalyst for application to
a LTC environment. Having selected an ideal catalyst, the remaining tasks are to plasma
spray the coating onto a piston and to experiment with the coating in an LTC environment.
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Simulation of Catalytic Activity
As a preliminary investigation into using in-cylinder catalysts with low temperature
combustion, a simulation was created to investigate whether the catalyst can operate under
engine-relevant timescales and wall temperatures. The simulation models the diffusion of
unburnt fuel and carbon monoxide to the piston-top catalyst through the boundary layer
and their subsequent oxidation on the catalyst’s surface. In the simulation, 10mg of a
platinum catalyst with a specific surface area of 4m2/g is assumed to be on the piston
surface. More detailed information on the setup, boundary conditions, and calibration of
the model is provided in Appendix E.
For the first study, the effect of cycle residence time on catalytic activity of the
piston will be investigated. For this study, cylinder pressure, temperature, and emissions
data were used from the fuel-matched operation with the baseline metal engine. Predicted
catalytic activity, seen in Table 8.1, suggest that there is no penalty of shrinking timescales
with higher engine speeds on catalyst performance. Catalytic oxidation of post-combustion
hydrocarbons was in excess of 20% from 1200 to 2000 RPM. However, the carbon
monoxide converted was zero percent, due to carbon monoxide poisoning the catalyst, and
forcing it to have a low activity (refer to Appendix E for more details). The increase in
combustion efficiency was estimated to be 0.6 to 0.8%. Additionally, the catalyst led to
oxidation of roughly 10% of the fuel in-cylinder prior to combustion, which would lead to
chemical enhancement and earlier autoignition [90].

187

Engine Speed
Stage
Pre-combustion
Post-combustion

HC oxidation
CO oxidation
HC oxidation
CO oxidation
Original 𝜂𝐶𝑜𝑚𝑏
New 𝜂𝐶𝑜𝑚𝑏

1200 RPM,
11.5mg fuel
12.7%
0.0%
21.8%
0.0%
96.0%
96.8%

1600 RPM,
10.5mg fuel
11.7%
0.0%
22.3%
0.0%
97.2%
97.8%

2000 RPM,
10.3mg fuel
10.1%
0.0%
20.9%
0.0%
97.0%
97.6%

Table 8.1: Estimated pre- and post-combustion oxidation of fuel and carbon monoxide in
a baseline HCCI engine from 1200 to 2000 RPM. Operating conditions are
detailed in Table 8.5.
Figures 8.3a and 8.3b show the post-combustion oxidation rates for carbon monoxide and
hydrocarbons, respectively. From Figure 8.3b, it is quite evident that increasing the
average surface temperature from 153°C to 163°C between 1200 and 2000 RPM boosted
the rate of carbon monoxide oxidation. However, the overall rate of oxidation is still 3 to
4 orders of magnitude lower than that of hydrocarbon oxidation. It can be seen that the
increasing catalyst temperature did not seem to affect the hydrocarbon oxidation (Figure
8.3a) much at higher engine speed. This is likely due to the higher inherent combustion
efficiency with increased engine speed and the lower concentration unburnt fuel.
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(A)

(B)

Figure 8.3: Post-combustion oxidation rate of A) hydrocarbons and B) carbon monoxide
over the catalytic coating as a function of engine speed and crank angle.

The individual gas concentrations at the free stream boundary are shown in Figure
8.4a during the expansion stroke. The general downward trend in concentration is due to
the increasing cylinder volume. Examining Fig. 8.4a, the slight decrease in HC emissions
is visible due to oxidation over the catalyst. Figure 8.4b provides a snapshot of the gas
concentrations as a function of location within the boundary layer. As the distance from
the free stream (y=0 mm) increases, so does the gas concentrations. This is due to both
the piston motion increasing the available cylinder volume and the time required for this
change to propagate through the boundary layer. Noticeably, there is not a depression in
gas concentration near the piston surface (y=0.5 mm) due to the catalytic reactions. This,
combined with the results with increasing engine speed suggest that mass transport is not
a limiting factor at temperatures typical of LTC operation.
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(A)

(B)

Figure 8.4: Molar concentration of gas species A) at the free-stream boundary as a
function of crank angle, and B) as a function of location within the boundary
layer for the baseline combustion chamber and catalyst. Note that y=0 mm at
the free stream boundary and 0.5 mm at the catalyst.

As an additional area of exploration, the simulation was used to investigate the
level of enhancement provided by supporting the platinum catalyst on yttria-stabilized
zirconia. The surface temperature used in this simulation was reconstructed using the
SFSM technique detailed in the methodology section of Chapter 3, details on the reconstruction process are shown in Appendix F. The temperature profiles used for the
simulation are shown in Figure D-6. Table 8.2 shows that increasing the temperature
swing had a large impact on the catalytic reactions. Compared with the roughly 21%
decrease in hydrocarbon emissions for the baseline metal case, the addition of a YSZ
thermal barrier under the catalyst caused the oxidized hydrocarbon emissions to increase
to about 45%. Doubling the magnitude of the temperature swing from 19°C to 38°C
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further increased the post-combustion hydrocarbon oxidation to 69%. In addition, the rise
in catalyst temperature caused a 0.1% decrease in CO emissions for the YSZ thermal
barrier and a larger 0.2% decrease when its temperature swing was doubled. Even after
doubling the temperature swing of the YSZ coating, the catalyst failed to reach lightoff
for CO, keeping oxidation of it low. Ultimately, the net increase in combustion efficiency
with the catalyst was 1.3% for the YSZ coating and 2.0% for the doubled YSZ
temperature swing.

Stage
Pre-combustion
Post-combustion

HC oxidation
CO oxidation
HC oxidation
CO oxidation

Wall Temperature
10.3mg/cycle, 2000 RPM
2x Swing
Metal YSZ-TBC
YSZ-TBC
10.1 %
17.4 %
20.3 %
0.0 %
0.2 %
0.2 %
20.9 %
45.1 %
69.2 %
0.0 %
0.1 %
0.2 %

Original 𝜂𝐶𝑜𝑚𝑏

97.0 %

97.0 %

97.0 %

New 𝜂𝐶𝑜𝑚𝑏

97.6 %

98.3 %

98.9 %

Table 8.2: Estimated pre- and post-combustion oxidation of fuel and carbon monoxide in
an HCCI engine for different wall temperature swing magnitudes. The 2000
RPM fuel-matched operating conditions used for this simulation are detailed
in Table 8.5.

Not surprisingly, the rates of hydrocarbon (Fig 8.5a) and carbon monoxide (Fig.
8.5b) oxidation increased for the greater temperature swings. The application of the YSZ
coating with the catalyst doubled the peak reaction rate of hydrocarbons. Similarly,
supporting the catalyst a TBC caused an increase in the rate of carbon monoxide
oxidation by over an order of magnitude.
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(A)

(B)

Figure 8.5: Post-combustion oxidation rate of A) hydrocarbons and B) carbon monoxide
over the catalytic coating and YSZ-TBC as a function of temperature swing
magnitude and crank angle.

Figure 8.6a shows that the concentration of fuel drops off more rapidly than for
the metal baseline in Fig. 8.4a due to the greater catalyst temperature and increased
reaction rate. As consequence, the concentration of fuel is more depleted throughout the
boundary layer than for the YSZ thermal barrier (Fig. 8.6b) than for the baseline metal
case (Fig. 8.4b). Overall, the use of an in-cylinder catalyst in conjunction with a thermal
barrier helps to maximize the effectiveness of the catalytic effect on LTC.

192

(A)

(B)

Figure 8.6: Molar concentration of gas species A) at the free-stream boundary as a
function of crank angle, and B) as a function of location within the boundary
layer for the combination of a YSZ TBC and catalyst on the piston crown.
Note that y=0 mm at the free stream boundary and 0.5 mm at the catalyst.

As a last study, the level of fueling on catalytic activity was simulated. The results
in Table 8.3 show that the combination of a greater concentration of fuel before
combustion and higher chamber temperatures from greater engine load increase the
performance of the catalyst. The level of pre-combustion fuel oxidation increased from
9% to 12% by changing fueling from 9.8mg/cycle to 11mg/cycle. This would translate to
a greater chemical enhancement of the charge and a greater advance in combustion due to
the catalyst. Furthermore, the level of hydrocarbon oxidation increased by nearly 37%
going from the lowest to highest fueling rates, all of this translated to a nearly constant
0.6% increase in combustion efficiency.
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Fueling at 2000 RPM
Stage

9.8mg 10.3mg 11.0mg
HC oxidation
9.0
10.1
12.0
Pre-combustion
CO oxidation
0.0
0.0
0.1
HC oxidation
18.3
20.9
25.0
Post-combustion
CO oxidation
0.0
0.0
0.0
97.0
97.4
Original 𝜂𝐶𝑜𝑚𝑏 96.1
96.8
97.6
98.0
New 𝜂𝐶𝑜𝑚𝑏
Table 8.3: Estimated pre- and post-combustion oxidation of fuel and carbon monoxide in
a baseline HCCI engine for different temperature swing magnitudes. The 2000
RPM fuel-matched operating conditions used for this simulation are detailed in
Table 8.5.

The results from this section show that it is possible to have an in-cylinder catalytic
coating work on the timescales and temperatures typical of an HCCI engine. Additionally,
the results also motivate supporting the catalyst on a low conductivity thermal barrier. The
resulting temperature swing provides a boost in catalytic activity that provides further
improvements in emissions oxidation and combustion efficiency.

In-Situ Measurement of the Catalytic Activity within the Cylinder
In this study, a heat flux probe covered with a catalyst layer will be used to
characterize any changes in heat flux or temperature due to catalytic action. The other way
to measure catalytic activity is to test for the presence of radicals and of partially oxidized
hydrocarbons in-situ near the catalyst, however accomplishing this was not possible given
the experimental setup.
In this series of experiments, a mixed copper – cobalt – cerium (CCC) oxide catalyst
developed at Oak Ridge National Lab is applied to the top of a Yttria-Stabilized Zirconia
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coating on both an aluminum piston and a heat flux probe. The catalyst is sprayed on top
of the YSZ coating to raise the catalyst temperature, thus increasing the likelihood of
lightoff during the engine cycle, as well as any catalytic activity. Additionally, by
comparing a YSZ coating to the CCC+YSZ coating, it will be possible to isolate the impact
of the catalyst on combustion, emissions, and efficiency.
In prior studies published by others, it has been noted that catalytic activity is
accompanied by increased temperatures and heat fluxes at the catalyst surface [93,119–
121]. Jones [110] hypothesized that the higher measured temperature with catalysts is
actually the sum of the ‘real’ temperature plus the temperature rise due to exothermic
reactions on the catalyst, shown symbolically in Figure 8.7. The use of heat flux probes in
the current experimental setup make it possible to measure whether this temperature rise
or change in heat flux occurs for the CCC catalyst in an HCCI engine. While the heat flux
will be measured under the YSZ and CCC layers, it is possible to reconstruct the surface

Surface Temperature

temperature and heat fluxes using the SFSM method detailed in Chapter 3.

TCatalyst
ΔTCatalyst
TTBC

Crankshaft Angle
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Figure 8.7: Conceptual temperature rise due to catalytic activity on top of a thermal barrier
coating

In order to ascertain the impact of the catalyst on low temperature combustion and
emissions, experiments in the HCCI engine test cell will be performed under several
different loads and engine speeds. Experiments will be conducted under both phasematched and fuel-matched conditions. The latter is expected to cause a large advance in
combustion phasing, hence phase-matched experiments will be required to isolate the
effect of the catalyst on gross indicated efficiency.

CuOx-CoOy-CeO2 Plasma Spray Process
In order to investigate the CuOx-CoOy-CeO2 (CCC) catalyst in an LTC
environment, the coating has to be applied to a piston crown. Prior to this study, the
established methodology at ORNL to create the CCC catalyst was through a precipitation
reaction of copper nitrate trihydrate, cerium nitrate hexahydrate, and cobalt chloride
hexahydrate [115], which yielded a catalytic powder. The most logical decision is to use
the SPPS process to create the catalyst from aqueous precursors since this yields smaller
deposited particles and allows the creation of multi-part coatings. After some development
by Dr. Eric Jordan’s group at the University of Connecticut, the SPPS process was
successfully adapted to create plasma-sprayed CCC coatings. However, after performing
X-ray diffraction on the catalyst sample, it was found that the cobalt inclusions were low
despite the precursors being mixed to the target 1:5:5 Cu:Co:Ce ratio. It was suspected the
high temperature from the plasma spraying process was causing the cobalt to vaporize.
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This was partly remedied in the second iteration by increasing the concentration (molarity)
of the aqueous cobalt precursor to achieve a 1:7.5:5 Cu:Co:Ce ratio. This increased the
presence of cobalt in the final coating, but it was still low. Less cobalt oxide in the catalyst
is expected to hamper the CO and HC oxidation activity (Figure 8.2), but to a much lesser
extent for carbon monoxide. Additionally, the catalyst surface area was measured using the
BET process to 7.6 m2/g, while it is typically 40 m2/g or greater [114,115]. Less catalytic
active sites will correspond to a lower catalytic activity and higher lightoff temperatures.
The reduced concentration of catalytically active sites poses a challenge, but the subsequent
LTC engine experiments indicated that it is sufficient for the exploratory studies pursued
here. Further efforts on the catalyst plasma spray process will be needed for future practical
applications of this methodology.

ORNL Catalyst Activity Testing
After the SPPS process was adapted to spray the CCC coating, a 120mg sample of
the coating was sent to Oak Ridge National Laboratory for testing to better understand the
activity of the plasma-sprayed catalyst.
The powdered catalyst sample was placed in a plug-flow reactor and a mixture of
representative exhaust gasses was provided to the catalyst at a flowrate of 200 L/ hour per
gram of catalyst. The breakdown of the sample gas and species concentrations are provided
in Table 8.4. Activity testing of the plasma sprayed CCC sample was conducted with these
specific species to conform to the “diesel low temperature combustion” protocol (or LTCD) [122]. However, in this investigation, n-dodecane was replaced with n-decane. The
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LTC-D protocol was used during this investigation due to the CCC coating having
originally been developed for Reactivity-Controlled Compression Ignition combustion and
to provide a better point of comparison with the activity shown in prior literature. The
catalyst was placed in the flow reactor and subjected to a temperature ramp of 10°C per
minute up to 600°C.
Component
O2
H2O
CO2
H2
CO
NO
Total HC
C2H4
C3H6
C3H8
n-C12H26 (n-C10H22)
N2

LTC-D Exhaust
Volume Fraction
12%
6%
6%
400 ppm
2000 ppm
100 ppm
3000 ppm
400 ppm
300 ppm
100 ppm
2100 ppm
Balance

Table 8.4: Low Temperature Combustion – Diesel representative exhaust emissions.

The resulting conversion efficiencies of total hydrocarbons (THC), carbon
monoxide, and NOx for the plasma-sprayed CCC catalyst are shown in Figure 8.8. In this
figure, the reported conversion percentage is the percent depletion of the initial species
concentration measured at the outlet. The CO conversion curve demonstrates some unusual
behavior where some activity is shown as early as 200°C, it increases up to 350°C, but
decreases up to 400°C prior to achieving lightoff. Afterwards, it increases at a nearly
constant rate, reaching a lightoff, or 50% conversion of CO, at 520°C. The sudden decrease
in CO at 350°C is caused by a large increase in the simultaneous hydrocarbon oxidation
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reactions that produce CO. Lightoff for THC with the plasma-sprayed CCC catalyst is
achieved at 410°C. Likewise, NOx conversion increases rapidly around 350°C, reaching a
peak conversion of NO to NO2 of around 18% conversion at 390°C before decreasing.
A direct comparison between the set of lightoff curves for the plasma-sprayed CCC
coating and the chemically precipitated one in [111], both under LTC-D test conditions,
shows that catalytic activity for the oxidation of carbon monoxide is harmed by the lower
cobalt inclusion and lower specific surface area. Under LTC-D testing, the CCC catalyst
achieved 50% CO conversion as low as 150°C, but lightoff with the plasma-sprayed
catalyst was achieved at 520°C. Surprisingly, the hydrocarbon lightoff temperature of the
plasma-sprayed sample (410°C) is lower than provided in the literature (~500°C) [111].
However, these lightoff temperatures are much higher than those achieved using platinum
catalysts, raising concerns of whether the plasma-sprayed CCC catalyst will function with
LTC [91,93,99].
The exact reason for this behavior is not fully understood, and requires further
investigation. However, the combination of a reduced presence of cobalt oxide on the
catalyst surface and the lower specific surface area of the catalyst may help to explain the
higher lightoff temperature for CO oxidation. Furthermore, the high temperatures
experienced by the catalyst materials during the plasma spray process likely caused a
conversion of Co3O4 to less catalytically active CoO [115,123–125]. Similarly, CuO and
CeO2 are also sensitive to temperature, with high temperatures causing copper oxide to
sinter, becoming less catalytically active [115]. Contrastingly, the reduced lightoff
temperature and greater hydrocarbon reactivity was not able to be explained.
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Figure 8.8: Conversion efficiency of plasma-sprayed CCC catalyst for carbon monoxide,
nitrogen oxide, and total hydrocarbons, refer to the initial species
concentrations in Table 8.4.

The individual catalyst conversion efficiencies for decane, propylene, and propane
are shown in Figure 8.9 below. The catalyst shows little activity for converting propane
below 400°C; afterwards, it increases slowly and reaches lightoff near 590°C. Propylene
oxidation over the CCC catalyst shows a sudden increase in activity beginning near 360°C
and reaching lightoff at 400°C. Decane shows a much more rapid initial increase in activity
than for propylene and propane, displaying activity at 360°C, reaching lightoff near 370°C,
and 90% conversion at 430°C. This greater oxidation activity for decane versus propane is
because alkanes have weaker carbon-hydrogen bonds with increasing chain length [105].
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As a result, the weaker bonds allow a greater rate of oxidation and a correspondingly lower
lightoff temperature. The use of a multicomponent fuel in this set of experiments allows
predictions of the behavior in conjunction with real fuels. The low activity for lighter
hydrocarbons and carbon monoxide will make the coating less effective for gaseous
emissions reduction. However, any unburnt fuel or long-chain hydrocarbons will be more
easily oxidized by the catalyst, helping it to break down unburnt fuel and to create radicals

% Conversion

that aid the autoignition process.
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Figure 8.9: Conversion efficiency for decane, propylene, and propane conversion during
temperature ramp-up

Experimental Investigations of Catalytic Coatings in the HCCI Engine
Fuel-Matched Results
In this set of experiments three pistons were used in the single-cylinder HCCI
engine, an uncoated metal baseline, one coated with an APS-YSZ layer, and one with a
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thin layer of CCC catalyst over the top of an APS-YSZ coating. The total thickness of the
YSZ coating was 160 microns, and the CCC + YSZ coating was 170 microns in thickness.
Refer to tables C-1 and C-4 in Appendix C for the thickness measurements of both coatings.
The decision to apply the CCC catalyst on a YSZ thermal barrier substrate was intended to
increase the temperature of the catalyst, thus aiding it in reaching lightoff temperatures and
having higher activity if it did.
For the first set of experiments, the impact of the catalyst was investigated under
fuel-matched conditions to closely replicate real-world operation, where all experimental
settings are constant. The second set of experiments were performed under fuel-matched,
phasing-matched conditions to eliminate the impact of combustion phasing on thermal
efficiency. The conditions used in the fuel-matched experiments are listed in Table 8.5

RGF (%)

90

Phi’(φ’)

90

Phi (φ)

10.3

90

Metal
YSZ
CCC+YSZ

EGR (%)

10.5

Piston Type

11.7

Tintake (°C)

Fueling
(mg/cycle)

Speed
1600
2000

FM

1200

Operation

below.

0.0

0.681
0.675
0.679

0.374
0.368
0.374

45.9
46.2
45.5

0.688
0.676

0.348
0.344

49.9
49.2

CCC+YSZ

0.675

0.345

49.2

Metal
YSZ
CCC+YSZ

0.675
0.682
0.676

0.351
0.347
0.351

48.5
49.1
48.2

Metal
YSZ

0.0

0.0

Table 8.5: Operating conditions used in the fuel-matched experiments.
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Under fuel-matched operation, both the YSZ and catalyst coated pistons
experienced an advance in combustion phasing, shown in Figure 8.10. The advance was
0.6 to 2.4 degrees for the YSZ coating, but the catalyst caused an additional 1.7-1.9 degree
advance across the range of speeds studied. For the YSZ coating, the reduction of
compression heat losses increased the pressure and temperature during the compression
stroke, thus advancing autoignition. Likewise, the YSZ layer underneath the CCC coating
provides a similar reduction in compression heat transfer. However, the significantly larger
advance for the CCC coating suggests some additional catalytic effect that advances the
start of combustion.

Figure 8.10: Combustion phasing under fuel-matched operation, with the difference
between the catalyst and APS-YSZ lines showing the advance due to the
catalyst alone.
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The combustion duration results in Table 8.6 show that the CCC catalyst reduced
the 10%-90% burn duration by 0.7 to 1.2 degrees and the 50%-90% duration by 1.2 to 2.2
degrees. The catalytic effect alone accounted for the reduction of the early burn duration
by 0.4 to 0.6 degrees, and 0.5 to 0.7 degrees of the reduction in the late burn duration. The
impact of the YSZ thermal barrier coating on phasing and duration are tangible, but there
is a sizeable additional impact due to the catalyst. The similar thermal properties and
thicknesses of the YSZ layers in both coatings (YSZ only and CCC+YSZ) mean that it is
unlikely there are any significant differences in combustion heat transfer between the two
coatings. As such, significant differences in combustion phasing and duration between the
YSZ and CCC+YSZ coatings imply that additional catalytic reactions are at play.

Engine Speed
(RPM)
1200
1600
2000

10%-50% Burn
Duration
Catalyst Catalytic
+ YSZ
Effect
-1.2
-0.6
-0.7
-0.5
-0.8
-0.4

50%-90% Burn
Duration
Catalyst Catalytic
+ YSZ
Effect
-2.2
-0.7
-1.2
-0.5
-1.4
-0.6

Table 8.6: Decrease in combustion duration due to the catalyst under fuel-matched
conditions.

The advance in phasing and reduction in combustion duration with the YSZ and
catalytic pistons led to an increase in peak cylinder pressures from 40 bar to roughly 45
bar, shown in Figure 8.11a. The shorter combustion duration with the catalyst also raised
the peak rates of heat release in Figure 8.11b by 26% over the metal baseline.
While the thermal impact of the YSZ coating on LTC is well understood by now,
the additional effects caused by the catalytic coating are less understood. Prior literature
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suggests that the exothermic oxidation reactions on the catalyst are producing both heat
and oxidized fuel products, i.e. fuel radicals and partially oxidized fuel molecules [90]. It
is likely that a combination of these factors is causing the additional advance in combustion
phasing. While measuring chemical enhancement is outside the scope of this research, the
use of a catalyst-coated heat flux probe enables verification of any catalytic activity and
the change in surface temperature due to exothermic reactions. The results acquired from
the heat flux probe will be examined in detail later in this section.

(A)

(B)

Figure 8.11: Increase in A) Cylinder pressure and B) heat release rate due to the addition
of the catalyst at 1600RPM, 10.5mg fuel/cycle, 90C Tintake, Φ=0.675-0.688.

The catalytic coating also reduced both carbon monoxide and unburnt hydrocarbon
emissions. The HC emissions, shown in Table 8.7, were reduced by 8.5% to 34.9% with
the CCC+YSZ coating relative to the baseline. The difference in the reduction of HC
emissions between the CCC+YSZ coated piston and YSZ piston show the effects of the
catalyst, which was responsible for 14% to 44% of total reduction in unburnt HC emissions.
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Likewise, the catalytic coating reduced carbon monoxide emissions, shown in Table 8.7,
by 16.9% to 30.8% relative to the baseline, with 31.6% to 47.0% of the overall reduction a
direct result of the catalyst. Another byproduct of the greater rate of combustion and higher
cylinder pressures with the catalytic coating are increased nitrogen oxide emissions. The
CCC+YSZ coating caused an increase of roughly 260% at 1200 RPM and 70 to 83%
between 1600 to 2000 RPM.

Engine Speed
(RPM)
1200
1600
2000

Hydrocarbon
Emissions
Catalyst Catalytic
+ YSZ
Effect
-34.9%
44.7%
-8.5%
14.2%
-16.9%
23.7%

Carbon Monoxide
Emissions
Catalyst Catalytic
+ YSZ
Effect
-30.8%
31.6%
-16.9%
47.0%
-24.5%
45.8%

Nitrogen Oxide
Emissions
Catalyst Catalytic
+ YSZ
Effect
257%
65.5%
70.3%
26.2%
83.1%
58.7%

Table 8.7: Changes in HC, CO, and NOx emissions relative to the metal baseline and the
effect of the catalyst given as a fraction of the total change.

The reduction provided by the YSZ coating is a result of the wall temperature swing
increasing the rate of chemical kinetics in the wall-affected zones. The greater proportion
of zones achieving autoignition and the amount of the charge that combusts fully by the
time the exhaust valve opens reduces emissions of unburnt fuel and partial combustion
products. A secondary effect are the greater cylinder temperatures that help to oxidize the
charge near the wall. However, there is also an additional effect from the catalyst itself.
There are two possible explanations for the lower emissions with the catalyst. First, the
exothermic oxidation reactions on the catalyst could have raised its temperature further and
granted a larger reduction of combustion heat transfer and having a similar effect on
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emissions as the TBC. More evidence supporting this hypothesis will be analyzed later in
this section. Second, the radicals and partially oxidized species produced by the catalyst
could have led to earlier autoignition, thus explaining the additional combustion advance
along with the greater cylinder pressure and rate of heat release. A potential byproduct of
the higher gas temperatures is greater oxidation near the wall during the expansion stroke.
Figure 8.12 shows the decrease in unburnt fuel and partial combustion products
with the CCC+YSZ coating led to the increase of combustion efficiency between 0.3 and
1.5%. The isolated effect of the catalyst on combustion efficiency is fairly significant,
causing between 24% and 43% of the total improvement. This result shows that under fuelmatched conditions, the catalyst is effective in increasing combustion efficiency for LTC
up to 2000 RPM, and possibly beyond. Further, this shows that the catalytic reactions do
not seem hindered by the decrease in residence time up to 2000 RPM.
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Figure 8.12: Increase in combustion efficiency as a result of using the CCC catalyst on top
of a YSZ coating.

Prior experiments with the YSZ thermal barrier coating has shown the potential for
gains in gross indicated efficiency due to the reduction in combustion heat transfer by the
temperature swing on the coating’s surface. The combination of a thin catalytic layer and
the YSZ coating substrate is expected to provide similar, if not better improvements in
thermal efficiency. However, the gross indicated efficiency with the catalyst, was not
higher than with the base YSZ coated piston, for all of the speeds investigated. Likewise,
both coatings failed to produce any improvements in thermal efficiency over 1200 RPM.
This is most likely the result of the large combustion advance and non-optimal combustion
phasing experienced with both coatings. For example, the catalyst experienced an advance
of roughly 2 to 4 degrees CA compared to the baseline, which negatively impacts the
amount of fuel energy going to useful work [9]. Additional experiments under fuelmatched, phase-matched conditions will better represent the potential gain in thermal
efficiency with the catalyst.
Heat flux measurements made underneath the catalytic coating can provide
additional insight into the effect of the catalyst on combustion. By utilizing the SFSM
technique developed in the companion PhD project, it is possible to compute the surface
temperature and heat flux for the CCC catalyst and YSZ coatings [43,44]. A detailed
discussion of the approximate layer thicknesses and thermal properties of both coatings is
presented in Appendix F. It is anticipated that differences between the CCC catalyst and
the YSZ coating will enable identification of any surface temperature rise or additional
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heat flux that would indicate oxidation reactions at the catalyst surface. Additionally,
information about the surface temperature could also provide some insight into the level of
catalytic reactions, and the time during the cycle the catalyst is active.
Comparing the surface temperatures for the CCC and YSZ coated heat flux probes
in Figures 8.13a-8.15a for 1200 RPM to 2000 RPM, the catalyst temperature is elevated
relative to the metal baseline and displays a large temperature swing. However, the
CCC+YSZ coating has a smaller temperature swing and peak temperature than the YSZ
coating alone. The reason for smaller swing on the catalyst surface is because the top 30μm
of the CCC+YSZ coating are the catalyst material, which has a higher conductivity (𝐾𝐶𝐶𝐶 =
8.2 𝑊 ⁄𝑚𝐾) than the equivalent thickness of 10% porous zirconia (𝐾𝑌𝑆𝑍,10% = 1.5 𝑊 ⁄𝑚𝐾)

for the YSZ coating (refer to Appendix F for the conductivity) [81,126], contributing to a
lower temperature swing. The lower surface temperatures reinforce the hypothesis that it
is the chemical, catalytic effect that produced further reductions of HC and CO emissions
in the engine with the CCC+YSZ coating. Additionally, these figures show the catalyst
surface reached a temperature between 149°C and 164°C, representing a jump of 12°C to
20°C above the baseline metal combustion chamber temperatures. Keep in mind that this
is for a location on the cylinder head, which is actively cooled, the piston will have reached
a higher temperature and likely had a stronger positive effect on catalytic reactions.
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(B)

(A)

Figure 8.13: SFSM-reconstructed catalyst surface A) temperature and B) heat flux for 1200
RPM, fuel matched operation, with differences between the YSZ and
CCC+YSZ coating due to catalytic activity.

(B)

(A)

Figure 8.14: SFSM-reconstructed catalyst surface A) temperature and B) heat flux for 1600
RPM, fuel matched operation, with differences between the YSZ and
CCC+YSZ coating due to catalytic activity.
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(B)

(A)

Figure 8.15: SFSM-reconstructed catalyst surface A) temperature and B) heat flux for 2000
RPM, fuel matched operation, with differences between the YSZ and
CCC+YSZ coating due to catalytic activity.

While the CCC+YSZ coating did not show a higher surface temperature, Figures
8.13b-8.15b show that the catalyst had a consistently higher heat flux than the YSZ coating.
This can be attributed to both the CCC+YSZ coating’s catalytic activity and the slightly
higher conductivity of the catalyst layer applied on top of the YSZ. It can be observed that
the difference in heat flux increases from 0.08MW/m2 at 1200 RPM to 0.12MW/m2 at 2000
RPM, suggesting not only that exothermic oxidation reactions are being catalyzed on the
CCC+YSZ surface, but also the rate of catalytic reactions increases with speed. Examining
Figures 8.13a-8.15a, the likely explanation are greater surface temperatures at higher
speeds.
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Phase-Matched Study
Fuel matched operation highlighted the potential real-world gains in emissions and
combustion efficiency while using a catalyst; however, the large phasing advance
negatively affected gross indicated efficiency results. As a result, fuel-matched, phasematched experiments were conducted with the catalytic coating to examine its effects on
emissions and efficiency, without the large combustion phasing advance. The operating

Phi (φ)

Phi’(φ’)

RGF (%)

10.3

EGR (%)

10.5

Piston Type

11.7

Tintake (°C)

Fueling
(mg/cycle)

Speed
1600
2000

FMPM

1200

Operation

conditions used for the FMPM experiments are shown below in Table 8.8.

90

Metal
YSZ
CCC + YSZ

0.0
6.9
13.8

0.675
0.673
0.683

0.373
0.363
0.359

45.6
42.7
39.7

104

Metal
YSZ
CCC + YSZ

0.0
5.2
9.4

0.685
0.672
0.677

0.345
0.331
0.328

50.2
48.3
46.8

94

Metal
YSZ
CCC + YSZ

0.0
4.2
9.1

0.679
0.677
0.675

0.354
0.344
0.338

48.3
47.1
45.0

Table 8.8: Operating conditions used in the fuel-matched, phase-matched experiments.

The use of external EGR in the fuel-matched, phase-matched procedure
successfully brought the CA50 point back to a desired 7 degrees aTDC. With combustion
phasing matched, Figure 8.16b shows the peak rates of heat release were similar as well as
the overall burn-rate profile. However, the duration of the initial phase is extended with the

212

catalytic coating due to the additional EGR required. The use of external EGR caused the
total charge mass to increase for the YSZ and CCC+YSZ coatings, which caused greater
compression and peak cylinder pressures, seen in Figure 8.16a. Notably, the cylinder
pressure was greater for the CCC+YSZ experiment, due to the greater EGR requirement.
The catalytic activity of the CCC+YSZ coating had the largest combustion advance, and
thus required the greatest amount of external EGR and consequently displayed the greatest
increase in cylinder pressure. From Table 8.8, the presence of the catalyst required roughly
double the amount of EGR as the YSZ coating alone.

(B)

(A)

Figure 8.16: Increase in A) Cylinder pressure and B) heat release rate due to the addition
of the catalyst at 1600RPM, 10.5mg fuel/cycle, 90C intake temperature,
Φ=0.677-0.685.

The use of cooled external EGR to achieve phase-matched operation had a negative
impact on emissions and combustion efficiency. While carbon monoxide emissions
displayed no significant change between the baseline and catalyst cases, hydrocarbon
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emissions increased. The change in total HC emissions was inconsistent, with it decreasing
by 10% at 1200 RPM, but increasing by 5% and 10% at 1600 and 2000 RPM respectively.
Similar negative effects on emissions and efficiency have been seen during fuel-matched,
phase-matched operation with TBCs in Chapter 8 due to the use of external EGR. The
addition of cooled EGR is thought to negatively impact the rate of chemical kinetics and
the amount of charge reaching autoignition, so emissions of unburnt fuel and partial
combustion products are no surprise. Figure 8.17 shows the lower combustion efficiency
for the Catalytic coating due to the high EGR usage. Given the consistently lower
combustion efficiency for the YSZ and CCC+YSZ coatings, the increase at 1200 RPM for
the catalytic coating is likely an outlier. Excluding this point, the decrease in combustion
efficiency was 0.1% at 1600 RPM and 0.3% at 2000 RPM. It is important to note that this
is not a direct result of the catalytic coating, but rather an indirect consequence of the phasematching technique used. In fact, minimal changes of combustion efficiency despite
significantly higher amounts of cooled EGR align well with the previously discussed trends
and evidence of the catalytic effect in the case of fuel-matched operation
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Figure 8.17: Effect of external EGR and fuel-matched, phase-matched operation on
combusiton efficiency for the YSZ and CCC+YSZ coatings.

While combustion efficiency suffered minimally due to the phase-matching
process, the gross indicated efficiency increased for the catalytic coating. Figure 8.18
shows the total gain in thermal efficiency was between 1.4% and 3.4%, with between 26%
and 85% of the gains directly attributable to the catalyst. The YSZ coating underlying the
catalyst is obviously responsible for some of the gain in thermal efficiency, because it
provides a temperature swing during combustion, decreases heat transfer, and increases the
expansion work. The cause of the additional gross indicated efficiency seen with the
CCC+YSZ coating is the increased amount of EGR required to offset the enhanced kinetics
due to the catalytic effect, which in turn reduces the bulk gas temperatures during
combustion and accompanying reduction of heat losses.
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Figure 8.18: Gross indicated efficiency for the YSZ and CCC+YSZ coatings under fuelmatched, phase-matched conditions.

The information provided by the reconstructed temperature profiles for the catalyst
help to partly explain the increase in thermal efficiency. The temperature swings with both
coatings provides a reduction in convective heat transfer during combustion, and increases
the work output. Additionally, the requirement to use a larger amount of external EGR is a
result of the additional advance in autoignition and combustion phasing by the catalytic
oxidation reactions. As a result of using a greater amount of EGR, the total charge mass on
for the YSZ coating increased between 3.1% to 4.2%, while the CCC+YSZ coating had
between 3.7% and 4.9% greater charge mass. The increased charge mass led to elevated
cylinder pressures and cyclic work outputs for the YSZ and catalytic coatings.
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Fuel-Matched Load Sweep
A load sweep was also performed under fuel-matched conditions with the catalyst
to examine the effectiveness of the catalyst over a range of air-fuel ratios. Fueling was
changed from 9.8mg/cycle to 11mg/cycle for all cases while under constant intake
temperature and airflow. For the CCC+YSZ and YSZ coatings, fueling was extended to
11.2mg/cycle to increase the combustion chamber temperature and the concentration of
fuel in the cylinder, all to increase the likelihood of the catalyst functioning. The conditions

RGF (%)

90

Phi’(φ’)

11.2

90

Phi (φ)

11.0

EGR (%)

90

Piston Type

10.3

90

2000

FM - Load Sweep

9.8

Tintake (°C)

Fueling
(mg/cycle)

Speed

Operation

used for the load sweep investigation are listed in Table 8.9 below.

Metal

0

0.646

0.334

49.3

YSZ

0

0.637

0.327

49.4

CCC+YSZ

0

0.638

0.334

48.3

Metal

0

0.675

0.351

48.5

YSZ

0

0.682

0.347

49.1

CCC+YSZ

0

0.676

0.351

48.2

Metal

0

0.725

0.377

48.0

YSZ

0

0.720

0.366

48.8

CCC+YSZ

0

0.726

0.377

47.8

Metal

----

----

----

----

YSZ

0

0.736

0.376

48.4

CCC+YSZ

0

0.744

0.385

47.7

Table 8.9: Engine operating conditions for the load-sweep experiments.
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When increasing fueling at 2000 RPM, combustion phasing advanced due to a
greater equivalence ratio and earlier autoignition. Figure 8.19 shows the phasing advance
was approximately 3 degrees over the sweep of 9.8 to 11.0 mg of fuel per cycle for the
baseline, YSZ, and CCC+YSZ cases. The most notable difference is the constant offset in
phasing between each of the cases. The YSZ coating was roughly 1 degree advanced of the
metal baseline, while the catalyst added an additional 2 degrees of combustion advance.

Figure 8.19: Advance in combustion phasing for baseline, YSZ, and CCC+YSZ coatings
under load sweep from 9.8mg fuel/cycle to 11 mg fuel/cycle.

The combustion phasing advance with the CCC+YSZ coating was from the
combination of a large temperature swing caused by the YSZ layer and the greater presence
of fuel radicals and partially oxidized hydrocarbons created by the catalyst. The greater
wall temperature over the baseline would have reduced heat transfer and raised the gas
temperature during compression, advancing autoignition. Likewise, the presence of
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oxidized hydrocarbons and radicals sped up the kinetics responsible for autoignition,
advancing combustion phasing further. The advancement in combustion phasing with the
catalyst stabilized combustion at low loads, lowering the variability in IMEP from 1.6%
for the baseline to 0.9% for the catalyst at the fueling rate 9.8 mg fuel/cycle and extending
the low-load misfire limit.
The combination of the surface temperature swing and the greater concentration of
oxidized fuel products also led to faster combusiton. Table 8.10 shows the 10%-50% burn
duration decreased a total of 0.6 to 1.1 degrees CA for the catalyst coated piston, with the
catalytic effect accounting for roughly half of this decrease. Likewise, the 50%-90% burn
duration decerased by 1.0 to 1.9 degrees CA, again with the catalyst alone accounting for
nearly half of the reduction. It is noteworthy that the combination of the catalyst and the
YSZ thermal barrier had a larger impact on the burn-up portion of combustion. Similar
effects on the late burn duration have been identified prior with TBCs. Therefore, this
reduction in the 50%-90% burn duration is likely due to the collective effects of lower heat
transfer and an increased concentration of oxidized fuel species on the chemical kinetics in
the wall-affected zones.

Fueling
(mg/cycle)
9.8
10.3
11.0
11.2

10%-50% Burn
Duration
Catalyst Catalytic
+ YSZ
Effect
-1.1
-0.5
-0.8
-0.4
-0.6
-0.3
----0.4

50%-90% Burn
Duration
Catalyst Catalytic
+ YSZ
Effect
-1.9
-0.8
-1.4
-0.6
-1.0
-0.4
----0.4
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10%-90% Duration
Catalyst
+ YSZ
-3.0
-2.2
-1.7
----

Catalytic
Effect
-1.4
-1.0
-.7
-.8

Table 8.10: Overall reduction in the early burn duration and late burn duration due to the
catalyst for a fueling sweep from 9.8 to 11mg fuel/cycle, and the isolated effect
of the catalytic coating on duration.

A significant benefit of the large advance in combustion phasing are the
improvements to combustion and emissions at low load. At a fueling rate of 9.8mg/cycle,
the catalyst caused the greatest improvements in HC and CO emissions. Overall, HC
emissions were reduced by 22.6% and CO by 31.4% (Table 8.11). The catalyst was
responsible for 34% of the reduction in HC and 50% of the drop in CO at this fueling. At
a fueling rate of 11mg/cycle, this gain dropped to an improvement of 11.4% in hydrocarbon
emissions and 11.4% in CO emissions (Table 8.11). The catalyst had more of an impact on
CO, due to its 29% contribution to the overall improvement, while the catalyst only
accounted for 4.9% of the improvement in HC emissions at 11 mg/cycle.

Fueling
(mg/cycle)
9.8
10.3
11.0

Hydrocarbon
Emissions
Catalyst Catalytic
+ YSZ
Effect
-22.6%
34.1%
-16.7%
23.7%
-11.4%
4.9%

Carbon Monoxide
Emissions
Catalyst Catalytic
+ YSZ
Effect
-31.4%
50.2%
-24.5%
45.9%
-11.4%
29.0%

Nitrogen Oxide
Emissions
Catalyst Catalytic
+ YSZ
Effect
81.1%
59.5%
85.1%
59.7%
87.6%
85.4%

Table 8.11: Improvement in HC and CO emissions with the catalytic coating and the effect
of the catalyst alone under a fueling sweep from 9.8 to 11mg of fuel/cycle.

The effect of the catalyst on combusiton efficiency for different engine loads can
be seen in Figure 8.20. It is apparent the catalyst causes an additional combustion efficiency
boost. Due to the fact that combustion efficiency is computed from the hydrocarbon and
carbon monoxide emissions, this result is expected. Combustion efficiency for the
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CCC+YSZ displayed a fairly large 1.0% increase at 9.8 mg/cycle compared to the baseline,
which became an increase of 0.3% at 11 mg/cycle.

Figure 8.20: Improvement in combustion efficiency with the catalytic coating under a fuel
sweep between 9.8 and 11mg fuel/cycle, the difference between the YSZ and
CCC+YSZ coating is due to the catalytic effect.

There are several factors that contribute to the decreased emissions and greater
combustion efficiency. The reduction in heat transfer from the temperature swing is the
dominant effec, as seen from the comparison between the metal baseline and the YSZ
coated piston results. A very important finding of the load sweep with the CCC+YSZ
coating is the additional incremental improvement achieved due to ta catalytic effect. This
is observed consistently across the rage of loads. Post-combustion oxidation of emissions
on the catalyst surface obviously contributes to the greater combustion efficiency.
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The SFSM-reconstructed heat fluxes at 9.8 mg/cycle and 11.0 mg/cycle, seen in
Figures 8.21b and 8.22b respectively, show the presence of catalytic activity throughout
the load sweep and confirm the hypothesis the catalyst oxidizes CO and HC postcombustion. Comparing the two figures, the catalyst at the 11mg/cycle fueling rate
produced a 0.15 MW/m2 increase in the peak heat flux over the YSZ coating, while the 9.8
mg/cycle fueling point produced a 0.1 MW/m2 increase. The larger contribution of catalytic
reactions to the heat flux at higher fueling rates is due to a greater peak wall temperature
and higher fuel concentration, increasing the rate of exothermic oxidation reactions on the
catalyst. Ultimately, these oxidation reactions are responsible for the earlier combustion
phasing and greater combustion efficiency. Similarly, Figures 8.21a and 8.22a show the
YSZ surface temperature was about 5°C higher than the CCC+YSZ coating at all of the
fueling rates studied. The lower peak temperatures on the catalyst surface suggest that the
gains in combustion efficiency and emissions with the addition of the CCC layer are mainly
due to chemical enhancement.
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(B)

(A)

Figure 8.21: SFSM-reconstructed catalyst surface A) temperature and B) heat flux for
9.8mg fuel/cycle at 2000 RPM, with differences between the YSZ and
CCC+YSZ coating due to catalytic activity.

(A)

(B)

Figure 8.22: SFSM-reconstructed catalyst surface A) temperature and B) heat flux for
11mg fuel/cycle at 2000 RPM, with differences between the YSZ and
CCC+YSZ coating due to catalytic activity.
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Conclusions
The hypothesis in this chapter was that the use of a catalyst layer on top of the
ceramic (YSZ) piston coating in an LTC environment will enhance the autoignition and
combustion processes, through a combined thermal and chemical effects, thus leading to
greater thermal and combustion efficiencies. Experiments in the single-cylinder HCCI
engine demonstrated real-world combustion efficiency gains between 0.3 and 1.5% due to
lower HC and CO emissions, while thermal efficiency increased between 1.4 and 3.4%
under phasing-matched conditions. Greater efficiency was accompanied by significantly
advanced combustion phasing under “fuel-matched” conditions, as much as 3 degrees in
one instance. The combustion duration also decreased by up to 3 degrees with the catalytic
layer composed of CCC, leading to greater rates of heat release. While the YSZ coating
underneath the catalyst contributed to these gains with its thermal effect, additional gains
due to the catalyst itself were observed consistently over a range of loads and speeds.
During the load sweep, the catalyst accounted for 2 degrees of the 3 degree advance in
combustion phasing and for approximately half of the reduction in duration. Similarly,
under fuel-matched operation, emissions of unburnt hydrocarbons and carbon monoxide
decreased between 8-35% and 17-31% respectively. In this case, the catalyst accounted for
between 9-45% of the HC emissions and 31-47% of the CO emissions. However, the
combination of highly advanced phasing and a greater rate of combustion led to higher
NOx emissions, with the CCC+YSZ coating causing a 2.5x increase for one particular
operating point. The increase in NOx emissions is one potential issue of using a catalyst
with LTC, but this can be partly remedied by phasing combustion later [9].
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Use of a catalyst-coated heat flux probe during this investigation enabled
measurements of catalytic activity and estimation of the catalyst surface temperature and
heat flux. When the catalyst surface temperature profiles were reconstructed using the
SFSM technique, they showed the higher thermal conductivity of the CCC layer led to
slightly a lower temperature swing and roughly 5°C lower peak surface temperature
compared to the YSZ-only coating. However, the presence of exothermic oxidation
reactions was evidenced by the increased heat flux over the YSZ case, in some cases
reaching 0.15 MW/m2. This increase in heat flux was found to grow with speed and injected
fuel quantity. The rate of catalytic reactions increases under greater wall temperatures and
fuel concentrations, so this finding provides further proof of catalytic oxidation reactions
taking place on the surface of the CCC layer.
One significant conclusion drawn from the CCC+YSZ surface temperatures is the
catalyst had lower temperatures than the YSZ coating, and thus the experimental results
couldn’t be explained by an additional reduction in heat transfer. Instead, the main effects
of the catalyst on LTC are through chemical enhancement from the oxidation of fuel
molecules and emissions, which create a greater concentration of oxidized fuel species and
radicals [90]. Prior work with TBCs in Chapter 6 has shown the reduction of heat transfer
affects the temperature and kinetics in the wall-affected regions of the charge, lowering
emissions, shortening the combustion duration, and increasing combustion efficiency. For
the catalytic coating, the creation of oxidized fuel molecules and radical species can speed
up the kinetics responsible for autoignition and combustion. Furthermore, the increased
reaction rate in the combustion chamber would help a greater portion of the fuel-lean and
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colder zones to reach autoignition and combust more completely, lowering HC and CO
emissions. Additional decreases in emissions may be due to oxidation on the catalyst
surface or greater gas-phase oxidation due to advanced combustion and higher cylinder
temperatures.
Chemical enhancement from the catalyst also led to greater thermal efficiency.
While the temperature swing produced by the CCC+YSZ coating and YSZ coatings
reduced the convective heat transfer to the wall, the catalytically-accelerated ignition
process required a greater quantity of EGR to correctly phase combustion under FMPM
operation. The result was increased charge mass and reduced gas bulk temperatures that
led to a higher cyclic work output for the CCC+YSZ coating. This result is similar to the
reduction of heat transfer during the compression stroke for the YSZ coating, which leads
to advanced phasing and a greater EGR requirement, ultimately causing increased cylinder
pressure and thermal efficiency.
While experiments with the CCC catalyst gave definitive evidence of catalyticallyenhanced combustion, one major question remains regarding the catalyst. In light of the
experimental results, how was the catalyst able to produce such large changes in LTC while
not reaching the measured lightoff temperatures? Under LTC-D conditions, the CCC
catalyst didn’t reach lightoff until 410C for hydrocarbons and 590C for carbon monoxide,
while the wall temperature measured for the catalyst surface on the heat flux probe never
exceeded 170°C. Prior experiments with a similar engine suggest that piston temperatures
with the catalyst could be in the range of 180-190°C, still far outside the range of measured
lightoff temperatures [18]. These revelations show that catalytic activity demonstrated in a
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plug-flow reactor isn’t representative of the catalytic activity for in-cylinder conditions
under LTC.
The difference in catalytic activity may be due in part to the lower concentrations
of reactants used during the plug-flow reactor experiments. The catalyst was investigated
under LTC exhaust conditions, while this may help predict post-combustion oxidation of
emissions, the concentrations and types of species prior to combustion are different than
those in the exhaust stream. Prior to combustion, the fuel concentration in the cylinder is
higher than for LTC-D conditions. Under DI operation, the concentration of fuel may be
locally even higher at the catalyst due to fuel pooling on the piston crown and the ensuing
charge stratification. The overall greater concentration of fuel in the vicinity of the catalyst
under in-cylinder conditions would lead to greater catalytic activity and a lower
hydrocarbon lightoff temperature. Additionally, the post combustion emissions
concentrations are higher in-cylinder than in the exhaust stream [9]. In a similar vein, the
presence of water in-cylinder (~10% by volume) may have contributed to a water-gas shift
mechanism that enhanced low-temperature CO oxidation over the ceria in the catalyst
[87,125,127]. Furthermore, the higher in-cylinder pressures during combustion are roughly
30-45 times higher than for reactor testing. This will increase the concentration of reagents
in contact with the catalyst and the overall reaction rate. Lastly, the residence time for
reagents in the plug-flow reactor were roughly 13.7ms, while this period is 60-100ms incylinder, providing a longer period of time for the cylinder contents to react with the
catalyst [125]. Combined, these factors help to explain how the catalyst produces tangible
effects on LTC.
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In closing, experimental investigation of a low-cost, plasma sprayed CuOy – CoOy
– CeO2 catalyst showed evidence of catalytic activity under LTC conditions. This evidence
included large advances in combustion phasing, further decreases in emissions, and an
increase in the surface heat flux on the catalyst. While the catalyst experienced a
temperature swing, it was not higher than the standard dense YSZ coating it was compared
against, indicating the catalyst predominantly impacted LTC through chemical
enhancement, i.e. the creation of oxidized fuel products and radicals, which increased the
rate of kinetics responsible for autoignition and combustion. The greatest impact of the
catalyst on LTC was seen at low loads, where combustion is highly variable and emissions
are higher due to later autoignition and lower temperatures.

Lessons learned
As a proof of concept, the use of a catalyst with LTC successfully improved the
combustion and thermal efficiencies, all with a low-cost plasma sprayed catalyst. Future
developments and experiments should support the catalyst on a lower conductivity thermal
barrier such as GdZr to further increase the catalyst temperature and the catalytic activity
under LTC conditions. Additionally, further development of the CCC catalyst to have a
greater surface area and greater cobalt inclusion could help to create larger improvements
with LTC than were found in this set of experiments.
While engine experiments showed the plug-flow reactor experiments weren’t
representative of the in-cylinder conditions, the reactor experiments did prove useful in
confirming the catalytic reactivity of the CCC material under mixed-species sources more
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characteristic of the in-engine environment. Future experiments using in-cylinder catalysts
would be well served to develop a more rigorous way to expediently test catalytic activity
under-engine like conditions.
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CHAPTER NINE
CONCLUSIONS AND CONTRIBUTIONS

Low temperature combustion is characterized by high cycle efficiency and low
engine-out emissions of soot and NOx; however, poor combustion efficiency and limited
operability remain a challenge. However, prior research discovered a beneficial effect of
combustion chamber deposits, acting as a natural thin thermal barrier. This motivated
research aimed at engineered Thermal Barrier Coatings (TBC), capable of reproducing or
surpassing the beneficial effects of natural deposits on both the combustion efficiency and
the overall thermal efficiency. The key hypothesis guiding the research reported in this
dissertation is that TBCs should maximize the amplitude of a sharp temperature swing on
the surface during combustion. High peak temperature will reduce the heat loss during
combustion, when it matters the most. A sharp swing, i.e. fast rates of temperature decrease
in the latter part of expansion, will enable the surface temperature to return to normal values
by the time of next intake event, thus avoiding a penalty associated with intake charge
heating and of low volumetric efficiency. In addition to the direct effect of reduced heat
transfer, it is hypothesized that the sharp temperature swing will exert a significant effect
on the near-wall zone, and lead to improved combustion efficiency by enhancing chemical
kinetics in the final stages of combustion.
The work reported in this dissertation sought to prove the main hypothesis, and
subsequently use the insights to develop a best path towards maximizing the improvements
of HCCI efficiency. The coatings were engineered using ceramic materials, and realized
through a partnership with Dr. Eric Jordan, from the Univ. of Connecticut. The initial
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validation of the hypothesis was achieved with the very first coating, a dense Air-Plasma
Sprayed layer of Yttria Stabilized Zirconia. Next, a Finite Element simulation study
indicated that thermal conductivity of the Thermal Barrier Coating is the most important
of all coating properties to maximize the temperature swing. One key takeaway from the
simulation was that minimizing the conductivity of the thermal barrier layer on top of the
Al piston, while also keeping its thermal heat capacity low is key. Two main research
directions for achieving desirable properties were thoroughly investigated, namely: (i)
increasing the porosity fraction and organizing it in such a way that drastically reduces the
thermal conductivity of the layer, and (ii) searching for a material with a naturally low
conductivity that would enable achieving desirable effects with a relatively dense, and
therefore likely durable coating. In addition, motivated by the fact that the HCCI
combustion is kinetics driven, the third direction pursued development of a coating with
catalytic properties, and investigation of the hypothesis that such a coating could further
improve the combustion efficiency through the beneficial impacts created on oxidation
reactions near the wall. All investigations were carried out on a single cylinder, gasoline
HCCI engine with re-induction of exhaust, which represents very relevant hardware and
enhances the long-term value of findings. All investigations were carried out in a
systematic way that allowed reaching conclusions about viability, as well as magnitudes of
impacts on efficiencies (combustion and thermal) and emissions. It can be stated up front
that the main hypothesis was verified, and that the research produced firm guidance
regarding the preferred pathway to achieving a desired (high) temperature swing effect.
Regarding the catalytic effects, the experiments with a special material developed for LTC
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aftertreatment indicated presence of catalytic effects on the Low Temperature Combustion
in the engine cylinder, even though the magnitudes were modest. Setting up a systematic
investigation of the key hypotheses, and the above findings represent the most important
original contributions. Obviously, there is a plethora of detailed findings under each of the
critical topics, such as desired thickness, porosity, dense low-K material and catalytic
materials that merit attention, and will be summarized in the remainder of this chapter.

Thin Yttria Stabilized Zirconia Thermal Barrier


Initial experimental investigation was carried out with a 160 m YSZ dense coating
applied using the Air Plasma Spray process. The results validated the initial
hypothesis that a thin, thus low thermal mass, ceramic coating can produce a
tangible improvement of both the combustion and thermal efficiency of the
Homogeneous Charge Compression Ignition Engine. The companion PhD research
provided means to estimate the temperature swing on the surface, and indicated
amplitudes of up to 45 K, in contrast to only about 5 K in case of the metal piston.

Thin Thermal barriers for LTC and Structured Porosity as a Potential Pathway to
Enhancing the Temperature Swing Behavior


A finite element modeling study was conducted using measured HCCI combustion
chamber temperature and heat flux boundary conditions showed a thin thermal
barrier coating could produce a temperature swing, characterized by a low
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temperature during gas exchange, and an elevated temperature during combustion
that reduces heat transfer, and enhances expansion work.


A sensitivity study of TBC temperature swing to thermal parameters showed that
lower thermal conductivity significantly increases the amplitude, while thickness
and to a lesser extent, heat capacity mainly extend the temperature swing duration,
thus negatively impacting the “recovery time” of the temperature swing.



Guidance from the FEA study motivated a series of experiments designed to
explore the potential for reducing thermal conductivity by creating structured
porosity (SP) in the YSZ coating. The desired change of morphology was achieved
at the partner school (Dr Eric Jordan) through application of the proprietary
Solution Precursor Plasma Spray process. Indeed, the 1st Generation YSZ-SP
coating with ~10-15% porosity organized in layers perpendicular to heat flux
enabled further incremental improvements of HC and CO emissions, combustion
efficiency and thermal efficiency. The thickness of the coating was 150 m.



The 2nd Generation YSZ-SP coating had increased levels of porosity (~20-25%).
The purpose of the investigation was to determine the ultimate potential of porosity
as a strategic direction for reducing effective conductivity and heat capacity of the
ceramic layer. Unfortunately, increase of surface roughness along with porosity
could not be avoided. Interactions between open surface porosity and roughness of
a highly porous YSZ-SP coating compromised the potential for improvements of
the combustion efficiency and thermal efficiency when compared to the denser 1st
Generation YSZ-SP coating.
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o The attempt to apply a dense sealing layer (top coat) spalled off due to poor
adhesion between the sealing layer and highly porous TBC underneath


The 3rd Generation YSZ-SP coating had a porosity level comparable to Gen-1, but
increased thickness of 260 m. Overall beneficial impacts on the HCCI combustion
process and efficiency were not much better that those observed with Gen-1.
Detailed analysis of the heat flux measurements and assessments of the temperature
swing confirmed the fundamental effect of increased thickness. It leads to increased
thermal mass and mostly stretches/extends the temperature swing, rather than
magnifying the amplitude. The end result is not favorable compared to a thinner
coating, and in the context of the HCCI engine, the thickness should be kept below
150 m.

Fundamental Insight into Impacts of Surface Roughness and Open Porosity on LTC


In order to generate more fundamental insight, the roughness of the Aluminum
piston top was increased using grit blasting. The average roughness was 12 m.
o Single cylinder engine experiments indicated a decrease of burn rates, and
adverse effects on emissions. Additionally, the measured overall heat loss
increased. Roughness can be expected to increase the drag force on the
impinging DI fuel spray and fuel pooling, both leading to increased
compositional stratification. Therefore, the increase of the surface area for
convection, due to roughness, as well as the negative impact on the fuel film
formation and mixing, represent a challenge and have to be avoided.
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Experiments conducted with a piston covered in a plasma-sprayed porous
aluminum layer initially indicated a further increase of heat transfer and reduction
of thermal efficiency, due to the combination of high surface roughness and fuelair charge interactions with the exposed porosity. This points to the effects
roughness and porosity on heat transfer being additive. However, after several
hours of HCCI operation the trends started to reverse, indicating that combustion
chamber deposit can plug the open pores, and convert an Al porous layer into a
mild thermal barrier. The color of the surface changed, indicating deposit particle
embedded in the pores. While the observed changes due to the accumulation of
CCDs prevented reliable quantification of the effect, the conclusion from work with
the porous & rough YSZ still stand: extreme porosity as means of reducing
conductivity is a pathway froth with significant risks. Thus, an alternative pathway
was needed – see the next bullet item.

Achieving Low Thermal Conductivity by Using Gadolinium Zirconate to Create a Dense
and Smooth Coating


Alternative path was ultimately chosen to maximize the benefits of HCCI for LTC
by creating a low-conductivity dense coating. Gadolinium Zirconate proved to be
a great choice, since its base conductivity is roughly 30% lower than YSZ’s
conductivity. The SPPS process allowed creating a 170 μm “dense” GdZr coating,
with structured porosity at a low porosity level (10-15%).
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The GdZr coating produced the largest reduction in heat transfer of all coatings
analyzed in this research, leading to advanced combustion with gains in combustion
efficiency up to 1.5% and increases in thermal efficiency up to 5.9%.



The low thermal conductivity of the GdZr-SP coating also stabilized combustion at
low loads, increase in operating envelope by 37% over the uninsulated metal piston.



No durability issues or interactions with porosity and roughness were encountered
while testing the GdZr-SP coating, indicating that a dense, low thermal conductivity
material is a more desirable way of achieving a low thermal conductivity than a
high-porosity TBC. Low thermal mass can simply be achieved by keeping the
thickness of the thermal barrier layer low, on the order of 100 m.

Effects of Catalytic Coatings on Low Temperature Combustion


Research at Oak Ridge National Laboratories aimed at creating catalytic materials
suitable for aftertreatment of the LTC engine exhaust was leveraged to investigate
a potential for in-cylinder application. The so called “CCC” catalyst composed of
CuOx – CoOy – CeO2 was plasma-sprayed over the top of a dense YSZ coating on
top of an HCCI engine piston.



A catalytic model with simplified 1-D gas flow was developed to investigate the
potential for catalytic flame quenching and timescales for the in-cylinder
environment. Results encouraged the experimental work in a firing engine
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Experiments in the single-cylinder engine demonstrated incremental improvements
of combustion rates and emissions compared to baseline YSZ coating of similar
thickness.



Heat flux probes coated with the CCC+YSZ coating measured an additional spike
of heat flux of around 0.15MW/m2, thus confirming the presence of catalytic
reactions near the peak temperature swing.



The catalytic activity of the CCC+YSZ nearly doubled the EGR requirement for
fuel-matched, phasing matched testing causing the engine with the catalytic to have
greater thermal efficiency. This is attributable to a large extent to the creation of
radicals and in turn acceleration of the oxidation reaction rates.



The large difference in catalytic activity demonstrated during plug-flow reactor
tests was due to greater fuel concentrations in the combustion chamber.

Suggestion for Future Work


Systematic investigation of the effects of TBCs on the Low Temperature
Combustion engine, and the compounded beneficial impact on both the combustion
and thermal efficiency encourage further research. Viability of the concept was
conclusively proven in the lab, and improvements of efficiency on the order of two
percentage points justify investments in translation that will ultimately open the
door to practical applications. The key step on the path to technology development
is research aimed at understanding of (potential) failure modes and subsequent
development of solutions for guaranteeing durability over a typical engine life.
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GdZr proved to be an outstanding low-conductivity material for TBC. It is already
used commercially in the aerospace industry, to coat turbine blades in jet engines.
Viability of GdZr in the context of automotive mass production ought to be
investigated. There is also a whole class of other materials, such as silica glass, they
may prove to be attractive low-cost alternatives, as long as the durability can be
ensured too



Consistent improvements of thermal efficiency with TBCs indicate that their
application to other engines, first and foremost heavy-duty diesels, should be
pursued. New questions will arise related to the optimal formulation for steel
pistons exposed to extremely high pressures (~250 bar) and temperatures in the HD
diesel engine cylinder, as well as durability over extremely long projected life for
these engines.
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Appendix A
Vaporizer Sizing
This section will detail the design process used to size the vaporizer and the heater
for running the engine under fully premixed conditions. The vaporizer will be sized such
that it can handle both gasoline and ethanol, which has a higher heat of vaporization and
greater fueling requirement than gasoline. The fuel properties for both gasoline and 100%
ethanol (E100) are given below in Table A-1. These properties will be used to compute the
vapor pressure of gasoline and ethanol, the required vaporizer volume, and the heating
requirements.
Fuel Type

Gasoline
(Gage 91 RON)

E100

Reid Vapor Pressure (kPa)
A (°C/m.f.evap)
Pfoc (MPa)
Tfoc (K)
Density (kg/m3)
MWF

62.1
150
13.8
703
742
65

15.9
5.6x10-4
150
766
785
46

Table A-1: Fuel properties for gasoline based on the Gage Products 91 RON test fuel and
pure ethanol, adapted from [128].
The vapor pressure as a function of fuel temperature is given by Equation A.1 below, where
the final percent of fuel evaporated, Z, is assumed to be one. While this exceeds the original
limitations outlined by Lavoie et al. in [128], the assumption of 100% fuel evaporation
with the properties of the Gage 91 RON fuel gives a boiling temperature of 201°C, very
close to the actual value of 205°C. To calculate the vapor pressure, the fitment parameters
𝐴, 𝑇𝑓𝑜𝑐 , and 𝑃𝑓𝑜𝑐 calculated in [128] are needed. Additionally the Reid Vapor Pressure
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(RVP), a characterization of the fuel volatility at 38°C, is needed for Equation A.1. Lastly,
the percentage of fuel evaporated at the point where the Reid Vapor Pressure is measured
is given in Equation A.2, with 𝜌𝐿 representing the fuel density and 𝑊𝑓 being the average
molecular weight of evaporated fuel [128].

𝑉𝑎𝑝𝑜𝑟 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = 𝑃𝑓𝑜𝑐 ∗ 𝑒𝑥𝑝 {

𝑍𝑅𝑉𝑃 =

1
1
ln(𝑅𝑉𝑃/𝑃𝑓𝑜𝑐 ) [𝑇 − 𝑇 ]
𝑓𝑜𝑐

1
1
−𝑇
𝑇𝑅𝑉𝑃 + 𝐴(𝑍 − 𝑍𝑅𝑉𝑃 )
𝑓𝑜𝑐

}

1
𝜌𝐿 𝑅𝐺𝐴𝑆 𝑇𝑅𝑉𝑃
1 + 4𝑅𝑉𝑃
∗ 𝑊𝑓

(A.1)

(A.2)

After the vapor pressure is calculated, the total vaporized fuel and air mass in the vaporizer
can be calculated. The mass of evaporated fuel is given by Equation A.3, the vapor pressure
𝑃𝑓 and vaporizer volume 𝑉. The vaporizer volume was designed to be a cylindrical bowl
3.5” in diameter and 2” deep, with the intent of creating a residence time of greater than
ten cycles at the boiling point of the fuel. The ambient pressure in the vaporizer is assumed
to be equal to the intake pressure during operation, which is typically 105 kPa. The mass
of air in the vaporizer is assumed to occupy the same volume of the vaporizer as the fuel,
but to occupy the remaining partial pressure in the container. Given this assumption, the
total mass of air in the vaporizer can be calculated with Equation A.4 [128].
𝑚𝑓,𝑉𝑎𝑝 =

𝑚𝑎𝑖𝑟 =

𝑃𝑓 𝑉𝑊𝑓
𝑅𝑇

(𝑃𝑖𝑛𝑡𝑎𝑘𝑒 − 𝑃𝑓 )𝑉𝑊𝑓
𝑅𝑇
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(A.3)

(A.4)

The fuel vapor pressure, total fuel mass and total air mass in the vaporizer were
calculated for gasoline (Table A-2) and ethanol (Table A-3). The air fuel ratio is intended
to stay well below the flammability limit to avoid autoignition within the vaporizer. The
high fuel temperature within the vaporizer displaces much of the air, and causes only a
small mass of air to be present under static conditions. During operation however, the airfuel ratio will increase due to air flowing through the vaporizer to carry the fuel vapor to
the engine. However, if the airflow is kept low, the vaporizer mixture will still exceed the
rich ignition limit. In addition, the fuel residence time was calculated based on a worstcase injection rate of 13 mg/cycle of fuel for gasoline and 20.9 mg/cycle for ethanol. The
injection rate of ethanol is higher because the fueling quantities were matched by the energy
content within the fuel and ethanol has a lower energy density than gasoline. The lower
heating value (LHV) of the gasoline used in this study is 43.3 MJ/kg, while 100% ethanol
is only 26.9 MJ/kg [9].
T [C] Pvap [kPa]
190
200
202.5

69.7
96.7
104.7

Fuel mass
[mg]
146.1
198.4
213.7

Mass of air
[mg]
80.4
17.9
0.6

Residence time
[cycles]
11.2
15.3
16.4

AFR
0.62
0.14
0.00

Table A.2: Calculated fuel mass, air mass, air-fuel ratio, and residence time in the vaporizer
near the boiling point for Gage 91 RON gasoline.

T [C] Pvap [kPa]
70
80
81.2

67.5
100.2
105.0

Fuel mass
[mg]
191.1
275.6
287.5

Mass of air
[mg]
231.7
25.7
0.2
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Residence time
[cycles]
9.1
13.2
13.7

AFR
1.78
0.20
0.00

Table A.3: Calculated fuel mass, air mass, air-fuel ratio, and residence time in the vaporizer
near the boiling point for 100% Ethanol.
Afterwards, the energy required to evaporate one cycles’ worth of fuel is calculated
by Equation A.5, which accounts for the heat of vaporization (𝐻𝑉𝐴𝑃 ) and the enthalpy
increase for the liquid fuel (𝐶𝑙𝑖𝑞 𝑓𝑢𝑒𝑙 ) and air (𝐶𝑝,𝑎𝑖𝑟 ) needed to heat the fuel from room
temperature to the boiling point. The values for the heat of vaporization, specific heats, and
calculated energy required to evaporate one cycles’ worth of fuel are given in Table A-4.
It should be noted that energy required to vaporize the fuel is given at the respective boiling
points of each fuel at the intake pressure of 105 kPa and the respective fueling rates of 13.0
mg gasoline/cycle and 20.9 mg ethanol/cycle.
𝑄𝑉𝑎𝑝 = 𝑚𝑓,𝑐𝑦𝑐𝑙𝑒 [𝐻𝑉𝐴𝑃 + (𝐶𝑙𝑖𝑞 𝑓𝑢𝑒𝑙 + 𝐴𝐹𝑅 ∗ 𝐶𝑝,𝑎𝑖𝑟 ) ∗ (𝑇𝑠𝑒𝑡 − 25)]

Fuel Type
𝐶𝑙𝑖𝑞 𝑓𝑢𝑒𝑙 [kJ/kg °C]
𝐶𝑝,𝑎𝑖𝑟 [kJ/kg °C]
HVAP [kJ/kg]
𝑄𝑣𝑎𝑝 [J/mg fuel]

Gasoline
(Gage 91 RON)
2.4
1.0
370
803

(A.5)

E100
2.5
1.0
840
1036

Table A-4: Specific heats of air and liquid fuel, along with the evaporation energy and
computed energy required to evaporate the fuel injected per cycle at the
respective fueling and boiling points at 105 kPa for gasoline and ethanol [9].

Next, the total heater power required to vaporize the fuel is calculated as a function of the
engine speed and fuel injected per cycle using Equation A.6.
𝑄̇ℎ𝑒𝑎𝑡𝑒𝑟 = 𝑚𝑓,𝑐𝑦𝑐𝑙𝑒 𝑄𝑣𝑎𝑝 ∗
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𝑅𝑃𝑀
2 ∗ 60

(A.6)

The resulting energy required across the engine speeds used for experimental testing are
included below and the heater sizing safety factor in Tables A-5 and A-6. The chosen heater
has a power of 850 watts, which provides a high safety factor for relatively high fueling
rates with gasoline and more difficult to vaporize fuels like ethanol. The fueling rates
chosen at engine speeds of 1600, 2000, and 2400 RPM are very conservative, as the ringing
limit is approached below these fueling rates. As such, the safety factors are higher than
indicated in the chart. Safety factors over 1 mean that the duty cycle of the heater is less
than 100%.
Speed Fueling [mg] Energy [W] Safety factor
1200
13.0
104.4
8.14
1600
13.0
139.2
6.11
2000
13.0
174.0
4.88
2400
13.0
208.8
4.07
Table A-5: Energy required and heater safety factor for Gage 91 RON gasoline between
1200 and 2400 RPM.

Speed Fueling [mg] Energy [W] Safety factor
1200
20.9
216.9
3.92
1600
20.9
289.2
2.94
2000
20.9
361.6
2.35
2400
20.9
433.9
1.96
Table A-6: Energy required and heater safety factor for Ethanol between 1200 and 2400
RPM.
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Appendix B
Vaporizer Part Drawings

Figure B-1: Fuel injector retention plate
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Figure B-2: Fuel injector holder
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Figure B-3: Fuel injector holder – additional features
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Figure B-4: Vaporizer cover for installing inlet/outlet piping, fuel injector holder, and
safety valve
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Figure B-5: Vaporizer bowl geometry and thermocouple mounting location for measuring
fuel temperature

249

Appendix C
Coating Thickness Measurements
Measurements of coating thickness were made prior to using them in the engine. A
Fischer MP20 Dualscope was used with an EGAB1.3 ferrous and a ETA3.3H nonferrous
probe. The non-ferrous probe was used to measure the coating thickness on the pistons and
on the newer IR-Telemetrics stainless-steel bodied heat flux probes. The ferrous probe was
used to measure the thickness of the older Medtherm iron bodied heat flux probes. Coating
thickness measurements were taken on the pistons over 26 locations total in the bowl and
squish zones. Figure C-1 shows the measurement locations on the piston. For each
measurement point 20 or more measurements were taken to ensure an adequate sample size
to accurately characterize the thickness and maintain a low measurement standard
deviation. The mean thickness of the coatings tends to vary by location due to the difficulty
in achieving full, even coverage over the domed piston surface and difficult-to-access
piston bowl.
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Figure C-1: Thickness measurement locations

Measured Coating Thicknesses
Point
1
2
3
4
5
6
7
8
9
10
11
12
13
Probe

𝜎
𝑋̅
156 5.9
162 7.3
159 6.9
164 8.2
167 8.5
176 6.2
166 7.2
170 8.1
168 9.0
169 6.6
178 7.9
177 5.7
172 7.1
156 11.9

Table C-1: APS-YSZ coating thickness measurements
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N
21
20
20
21
20
20
20
20
22
21
22
21
21
42

Point
14
15
16
17
18
19
20
21
22
23
24
25
26

N
𝜎
𝑋̅
152 7.4 22
157 7.2 23
175 8.6 23
153 10.5 21
161 8.3 22
168 7.7 24
155 7.6 23
161 7.4 22
159 7.9 23
159 7.1 20
157 6.1 20
158 5.5 23
152 8.2 24

Point
1
2
3
4
5
6
7
8
9
10
11
12
13
Probe

𝑋̅
224
213
213
220
256
265
233
233
236
238
237
253
240

𝜎
5.7
7.5
8.6
8.5
10.7
9.7
11.4
10.6
10.8
10.5
9.2
5.9
7.4
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8.8

N
22
24
29
26
26
26
24
26
31
27
27
24
25
21

Point
14
15
16
17
18
19
20
21
22
23
24
25
26

N
𝜎
𝑋̅
250 8.6 27
249 8.2 25
253 6.6 22
204 9.4 2
215 8.4 24
220 8.3 26
221 7.6 24
230 8.9 22
259 10.5 25
279 9.5 24
289 9.8 27
276 9.0 27
260 8.1 25

Table C-2: YSZ-SP coating thickness measurements

Point
1
2
3
4
5
6
7
8
9
10
11
12
13
Probe

𝑋̅

𝜎

N

193
201
197
184
197
214
224
201
202
201
196
210
220

7.9
6.8
6.7
6.1
7.0
5.8
6.6
6.9
6.3
7.6
7.1
6.5
7.4

21
28
25
27
28
26
20
25
27
28
29
31
29

155 7.6 27

Table C-3: GdZr-SP coating thickness measurements
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Point
14
15
16
17
18
19
20
21
22
23
24
25
26

𝑋̅

𝜎

N

158
164
160
170
163
161
167
169
183
186
170
168
157

5.1
7.0
8.8
6.5
7.7
5.3
7.6
6.2
6.6
7.1
7.1
6.9
6.9

22
28
26
27
33
32
28
26
20
24
26
27
28

Point
1
2
3
4
5
6
7
8
9
10
11
12
13
Probe

𝜎
𝑋̅
172 5.9
173 6.5
175 5.1
175 5.5
177 4.5
172 4.6
166 6.8
172 5.5
181 5.7
176 5.9
180 7.2
173 5.1
166 6.6
177 34.2

Table C-4: CCC Catalyst thickness measurements
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N
21
21
20
20
20
20
20
21
22
23
22
21
24
51

Point
14
15
16
17
18
19
20
21
22
23
24
25
26

𝑋̅
162
166
166
173
176
172
166
169
169
173
164
161
162

𝜎
5.1
6.0
8.2
4.0
9.2
7.1
4.7
4.7
6.5
7.1
6.6
5.0
5.2

N
22
23
23
21
25
22
21
23
23
21
27
20
25

Appendix D
Characterization of the Effects of Control Parameters on HCCI Operation

This section will look at characterizing the impacts of control parameters such as
fueling, intake temperature, and EGR rate on low temperature combustion. Figure D-1
shows the variation in combustion and gross indicated efficiencies with fueling from 9.8
mg/cycle to 11mg/cycle of fueling. It should be noted that cycle-to-cycle variation in
fueling is ±0.1mg/cycle or better at 2000 RPM. The total variation in gross indicated
efficiency would be small, about ±0.1% or less for a fueling of 10.3 mg/cycle at 2000
RPM, while the combustion efficiency can vary ±0.2%. This value may vary slightly at
different engine speeds.

Figure D-1: Variation in combustion and gross indicated efficiency with fueling at 2000
RPM.

Similarly, the combustion phasing (Figure D-2) at a nominal fueling of 10.3mg/cycle can
vary by ±0.25 degrees CA, and the CA10-90 duration can vary around ±0.4 degrees CA
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due to cyclic variation in fueling at 2000 RPM. The experimental results with TBCs in
Chapters 4, 6, and 8 typically have large advances in combustion phasing, usually on the
order of a full degree or more. Furthermore, increases in indicated efficiency can be over
2 percentage points, as seen for the GdZr-SP coating, which is more significant than due
to variations in fueling. The increase in combustion efficiency for the APS coating was
greater than a 1 percentage point increase under fuel-matched testing, which is more
significant than cyclic fuel variation.

Figure D-2: Change in combustion phasing and duration for different fueling rates at
2000 RPM.

Under fuel-matched, phase-matched testing, EGR is introduced as a means of
retarding combustion back to an optimal phasing. The use of EGR can vary depending on
the thermal conductivity of the coating and engine speed. However, from figure D-3 it is
apparent that the addition of EGR causes the combustion and gross indicated efficiencies
to decrease, which is the opposite effect of thermal barrier coatings. Similarly, figure D-4
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shows that the use of EGR both retards combustion phasing and increases the combustion
duration, which are again the opposite effects of thermal barrier coatings.

Figure D-3: Effect of EGR usage at 1200 and 2000 RPM on combustion and gross
indicated efficiencies

Figure D-4: Effect of EGR addition on combustion duration and phasing at 1200 and
2000 RPM.
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Similarly, the variation in intake temperature for 200 consecutive cycles is less than ±0.5
degrees Celsius. As such, the variation in combustion efficiency and gross indicated
efficiency (Figure D-5) at 1200 and 2000 RPM are well below the levels caused by
thermal barrier coatings.

Figure D-5: Effect of EGR addition on combustion duration and phasing at 1200 and
2000 RPM.

The variation in combustion duration and phasing (Figure D-6) for cyclic variation in
intake temperature are also significantly lower than that caused by a thermal barrier
coating. In addition, small errors in the temperature setpoint would also not have a large
enough impact to account for a large portion or all of the effects, i.e. efficiency, phasing,
and duration, caused by thermal barrier coatings.
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Figure D-6: Effect of EGR addition on combustion duration and phasing at 1200 and
2000 RPM.

The most important takeaways from this analysis is that the effects of cyclic
variation and small deviations in setpoints for both temperature and fueling are much
smaller than the effects of thermal barrier coatings. Further, the addition of EGR does not
compound the effects of the thermal barrier coating on efficiencies, phasing, and duration.
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Appendix E
1-D Catalyst Simulation
Model Setup and Assumptions
This catalytic simulation was intended to investigate catalytic activity under the
conditions and timescales relevant to in-cylinder operation and the effect of the catalyst on
combustion efficiency. Figure E-1 shows a simplified one-dimensional view of the
simulated catalyst and gas boundary layer. The catalytic coating is on the surface of the
piston at the bottom of the figure and the “free stream”, or the main portion of the cylinder
charge, is at the top of the grid. The concentrations of reacting species (O2, CO, CO2, C8H18,
and H2O) at the “free stream” are assumed to be at the average molar concentration for the
rest of the cylinder. However, the concentrations of the reacting species are updated based
on the total number of moles converted and the changing volume of the cylinder, meaning
the concentrations of unburnt fuel and CO in the entire chamber decrease as they are
consumed at the catalyst. Likewise, the catalyst surface is both a species source and sink,
in that it consumes oxygen, carbon monoxide, and fuel (isooctane) while producing
combustion and oxidation products (CO2, H2O).
Additionally, one-dimensional gas diffusion is the only species transport
mechanism considered due to only the boundary layer being modeled. The thickness of the
boundary layer was assumed to be 0.5mm due to the measured thickness of the thermal
boundary layer near the firedeck in an HCCI engine [15]. The association between wall
heat transfer and slower chemical kinetics with LTC suggests it is a reasonable assumption
to have fuel and partially combusted species in this layer [17].
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Figure E-1: Conceptual setup of 1-D catalyst simulation

Some additional assumptions are that the gasses in the free stream are well mixed
and overall lean, meaning that oxygen is not a limiting reagent in carbon monoxide and
hydrocarbon oxidation. Considering the homogeneous conditions and overall lean nature
of low temperature combustion, these are reasonable simplifications. As a further
simplification, heat transfer is not modeled in this simulation. Thus, the exothermic heat
release from catalytic activity that would normally increase the temperature of the catalyst
is not considered.
In this simulation, empirical single-step catalytic mechanisms were used for
isooctane and carbon monoxide oxidation. This is because unburnt fuel, chosen to be
isooctane in this case, and carbon monoxide are some of the most prevalent species leftover
from HCCI combustion [116]. Heterogeneous catalytic oxidation is normally a complex
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process involving additional adsorption and desorption processes [129]. The single-step
nature of the equations used in this simulation lump kinetic rates of the adsorption, catalytic
oxidation, and desorption processes together. However, a downside of using a single-step
mechanism is that the formation and consumption of side-products are not tracked, such as
the formation of oxidized hydrocarbon molecules. This means that the effect of radical and
partial oxidation products on LTC cannot be modeled. The solution to this is to use a fullyresolved kinetics mechanism for both the catalytic oxidation process and for combustion.
However, information on full catalytic mechanisms is sparse, none were found for fuel
molecules larger than C3 hydrocarbons during the literature review [94]. Thus, coupling
the catalytic and gas-phase full-fidelity chemical kinetics models are outside of the scope
of this research. Another problem sometimes encountered under experimental conditions
is the issue of catalytic inhibition, which is drop in catalytic reaction rate due to multiple
species competing for a limited number of active reaction sites on the catalyst [111,114].
The in-cylinder environment provides a particularly complex problem due to the presence
of CO, water, and a multitude of hydrocarbon species. For simplicity, this effect is not
taken into account.

Catalytic Reactions and Gas Diffusion
In this simulation, a pair of single-step catalytic mechanisms covering the oxidation
of isooctane (fuel) and carbon monoxide on platinum were used. The combustion reaction
for isooctane is shown below and the catalytic oxidation rate is given by equation E.1 [130].
The lightoff curve for this reaction in a similar simulation study is given by Figure E-2
below.
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𝑦𝑖𝑒𝑙𝑑𝑠

2𝐶8 𝐻18 + 25𝑂2 →

16𝐶𝑂2 + 18𝐻2 𝑂

𝑅̇𝐻𝐶 = 𝐴𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 107.78 [𝐶8 𝐻18 ]𝑒

−7000
𝑇

(E.1)

Figure E-2: Conversion efficiency for isooctane on a platinum catalyst (denoted iso-C8H18)
showing the lightoff temperature [130].

The balanced chemical equation for the oxidation of carbon monoxide is given
below, while Equations E.2 and E.3 give the rate of carbon monoxide oxidation over a
platinum catalyst. The carbon monoxide oxidation occurs in two stages, a low-reactivity
mode at low temperatures, and a high-reactivity one at elevated temperatures, due to the
absorption of CO onto the catalyst and subsequent blocking of active sites [131]. The
reaction rate for the low-activity mode given by Equation E.2 has a negative order with
respect to carbon monoxide as a result of the CO-poisoning of the catalyst [87,131,132].
Equation E.3 is for CO oxidation over the platinum catalyst at higher temperatures, notably
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the oxidation rate of CO is positive with respect to both oxygen and carbon monoxide. The
ignition temperature given in Figure E-3 gives the point of this transition. For LTC
conditions, the ignition temperature can be modeled as 500K because of the relatively low
mole fraction of CO during the cycle.
𝐶𝑂 +

𝑦𝑖𝑒𝑙𝑑𝑠
1
𝑂2 →
𝐶𝑂2
2

𝑅̇𝐶𝑂 = 𝑛𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝐵

[𝑂2 ] −175700
𝑒 8.314∗𝑇
[𝐶𝑂]
−58570

𝑅̇𝐶𝑂 = 𝑛𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝐵[𝐶𝑂]0.5 [𝑂2 ]0.5 𝑒 8.314∗𝑇

(A)

(E.2)
(E.3)

(B)

Figure E-3: A) Oxidation rate of CO over platinum as a function of temperature and B)
ignition temperature as a function of CO partial pressure [131].

Tracking the changes to carbon monoxide and isooctane concentrations within the
cylinder enables computation of the change in combustion efficiency. The total reacted
amount of fuel and CO are integrated over the part of the cycle leading up to combustion
and after combustion. Due to the contribution of unburnt fuel to lower combustion

263

efficiency, only the post-combustion emissions are used to compute the new efficiency
value. The pre-combustion reactions indicate fuel and CO oxidation that produce radicals
and partially oxidized molecules that help to initiate combustion [90]. While the total
converted amount of fuel and CO will be reported for both periods, only the postcombustion period will be used to compute changes in combustion efficiency. Details on
the combustion efficiency calculation are provided in [42].
The gaseous diffusion of N2, O2, CO2, CO, fuel, and H2O are tracked in the
simulation using equation D.4 for the non-reacting zones and Equation E.5 for the last zone
with catalytic reactions. The term

𝜕𝜑
𝜕𝑡

accounts for the time-varying molar concentration

𝜕2 𝜑

and 𝐷 𝜕𝑥 2 is the diffusive transport of each species at rate 𝐷 in the direction of the molar
concentration gradient. Similarly, 𝑅̇ is the rate of consumption or creation of each species
due to the catalytic reactions, and is divided by the differential volume to compute the
change in molar concentration.
𝜕𝜑
𝜕 2𝜑
=𝐷 2
𝜕𝑡
𝜕𝑥

(E.4)

𝜕𝜑
𝜕 2 𝜑 𝑅̇
=𝐷 2+
𝜕𝑡
𝜕𝑥
𝑉

(E.5)

The gaseous diffusion coefficient depends on temperature, pressure, and the physical
properties of the chemical species. Equation E.6 was proposed by Wilke et al. [133] to
enable quick computation of the diffusion coefficients. The terms 𝑀𝑀1 and 𝑀𝑀2 are the
(1)

molar masses of species 1 and 2 respectively, 𝑟12 is the collision diameter, and 𝑊(1) is the
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collision integral. Similarly, ∆ is a correction factor based on the molecular weight ratio,
however it is typically between 0.01 and 0.03. More information on the collision integral,
collision diameter, and correction factor are provided in reference [133]. It should also be
noted that the ambient pressure 𝑃 is required, and the average gas temperature. The average
of the catalyst and bulk gas temperatures is used in Equation E.6 to more accurately portray
the temperature within the boundary layer.

𝐷=

3/2 𝑀𝑀1 + 𝑀𝑀2
0.00092916 ∗ 𝑇𝑎𝑣𝑔 𝑀𝑀
1 𝑀𝑀2
(1)

(E.6)

2
𝑃𝑟12
𝑊(1) (1 − ∆)

Equation E.7 uses the molar fractions and gas diffusion coefficients of each component of
the mixture to calculate an effective gaseous diffusion coefficient [130].

𝐷𝑒𝑞𝑢𝑖𝑣 =

1 − 𝑦𝑖
𝑦
∑𝑗=1,2… 𝑗
𝐷𝑖𝑗

(E.7)

Boundary Conditions
During the first half of the simulated cycle, the concentration of each species was
chosen to be a mixture made from fresh air and exhaust, with the ratio depending on the
residual fraction. After combustion, the concentrations of each species changed to the
exhaust concentration measured by the analyzer at the outlet of the engine. The postcombustion oxidation of the in-cylinder species means that the actual composition of
unburnt fuel and carbon monoxide will be higher [9]. However, the use of emissions
measurements from the exhaust gas analyzer provides a reasonable approximation.
Additionally, a linear change between the pre and post combustion concentrations will be
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used to simulate combustion over the relevant crank angles. Figure E-4 shows the
concentration boundary condition as a function of crank angle, it is important to note that
the molar concentrations in this figure reflect the variable volume conditions encountered
for an in-cylinder environment, which reaches a minimum at TDC. Furthermore, the
concentration at the upper free stream boundary was updated at every time step based on
the amount of species reacted.

Figure E-4: Concentrations of oxygen, isooctane, and carbon monoxide as a function of
crank angle, showing the pre-combustion and post-combustion
concentrations, and a changeover during combustion relevant crankshaft
angles.

As an additional boundary condition, measured combustion chamber temperatures from
the uncoated metal engine were used for the catalyst temperature. One caveat is the
additional cooling of the cylinder head means the combustion chamber temperature
measurements are typically 20°C cooler than the piston, so an offset was added to the
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simulated catalyst temperature to account for this difference [18]. Figure E-5 shows the
catalyst temperature without a thermal barrier coating for 1200-2000 RPM fuel-matched
operation.

Figure E-5: Catalyst temperature, based on measured metal combustion chamber
temperatures from 1200 to 2000 RPM for fuel-matched operation.

Additional runs of the simulation were performed using the SFSM-reconstructed
temperatures for the YSZ heat flux probe in Chapter 9 for the catalyst temperature. Table
E-1 provides the computed thermal properties for the YSZ and bondcoat layers. Figure E6 shows the metal and YSZ combustion chamber temperatures at the 2000 RPM fuelmatched point. Also shown is a simulated YSZ coating with double the temperature
swing of the reconstructed temperature trace. The temperature swing of the YSZ coating
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was 19°C, however this was doubled to 38°C by subtracting the average temperature up
between 123° and 70° bTDC, doubling the temperature swing magnitude, and then
adding the average temperature back. The larger resulting temperature swing should
provide a boost in catalyst activity.

Figure E-6: Catalyst temperature for the measured, uncoated combustion chamber
temperature, reconstructed YSZ temperature, and scaled YSZ with a doubled
temperature swing for 2000 RPM, fuel-matched operation.

Calibrating the Catalytic Reaction Rates
Prior to running the simulation, the lightoff curves for both isooctane and carbon
monoxide oxidation were calibrated to temperatures provided in the literature. During this
calibration process, the initial species concentrations were set for the exhaust conditions
and at a constant reactor volume of 550 cm3, which represents the displaced cylinder
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volume. While this deviates somewhat from the variable-volume environment encountered
in-cylinder, it makes the catalytic reactions more similar to a simple batch reactor.
Similarly, the ambient pressure was kept at 1 bar, but the catalyst temperature was
increased in 10 degree increments from 100°C to 450°C. The calculated lightoff curves for
the in-cylinder catalyst under these conditions is shown in Figure E-7. The lightoff
temperature, or the temperature required for 50% conversion, calculated for isooctane
oxidation was 250°C and 280°C for CO oxidation. The transition from a nearly-linear
increase in the conversion rate to an asymptotic value near 100% is due to the decrease in
available species concentrations and mass-transfer limitations of reagents to the catalyst
[90]. It is worthwhile noting that the lightoff temperature for isooctane oxidation is higher
than shown for Figure E-2. This is due to different testing conditions than those used in
reference [130] and because the pre-exponential multiplier (107.78 in equation E.1) was
adjusted to cause the lightoff event to occur at 250C, which is a more typical lightoff
temperature for isooctane on a platinum catalyst [105,130]. Similarly, the slight “hitch” in
the CO light-off curve in Figure E-7 is due to the 2-stage reactions for CO oxidation
presented earlier, which achieves lightoff at 500K.
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Figure E-7: Lightoff curves for isooctane and carbon monoxide oxidation, 20ms
residence time, 550cm3 volume, 2000 RPM, 11mg fuel/cycle, for constant
conditions under exhaust species molar fractions and concentrations.
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Appendix F
Determining Coating Properties for the SFSM Computation
This section will discuss the property determination for the YSZ and CCC+YSZ
coatings used in Chapter 8. The computed properties used for the SFSM reconstruction
are presented in Table F-1. The properties for the bondcoat were derived from [66] and
those of the CCC catalyst were approximated by a CeO2 layer, with the thermal
properties provided by reference [134]. The values provided for the YSZ layer were
derived using the available literature [68,81] and expertise of Dr. Eric Jordan, our
coatings partner at the University of Connecticut.
YSZ CCC+YSZ
CCC Thickness (μm)
----30
----8.16
𝐾𝐶𝐶𝐶 (𝑊 ⁄𝑚𝐾 )
2
----1.90
𝛼𝐶𝐶𝐶 (𝑚𝑚 ⁄𝑠)
YSZ Thickness (μm)
90
50
YSZ porosity
10%
8%
1.50
1.63
𝐾𝑌𝑆𝑍 (𝑊 ⁄𝑚𝐾 )
2
0.49
0.52
𝛼𝑌𝑆𝑍 (𝑚𝑚 ⁄𝑠)
Bondcoat Thickness (μm) 60
60
7.8 [66]
𝐾𝑏𝑜𝑛𝑑 (𝑊 ⁄𝑚𝐾 )
2
2.26
𝛼𝑏𝑜𝑛𝑑 (𝑚𝑚 ⁄𝑠)
Table F-1: Thermal properties of the CCC catalyst, YSZ thermal barrier, and bondcoat
layers.

The radiation chamber, discussed in Chapter 3, provides a square heat flux pulse of a
known shape and magnitude to the top surface of a coated probe, which provides subcoating measurements of temperature and heat flux. Simultaneous measurements are
made using an uncoated probe, these are used as the surface boundary conditions for the
ceramic layer. The first step is to utilize the FEA model developed for evaluating TBC
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properties to estimate the layer thicknesses and thermal properties of the bondcoat,
thermal barrier, and in the case of the CCC+YSZ coating, catalyst layers. For the YSZ
coating, an optimal combination of a 90 micron thermal barrier layer with 10% porosity
and a 60 micron bondcoat were found to be optimal. The resulting probe temperatures
and sub-coating heat flux predictions from the FEA model are shown in Figures F-1 and
F-2 respectively. Quantitatively, these show an excellent match between the measured
and calculated temperatures confirming the chosen thermal properties and layer
thicknesses.

Figure F-1: Frontside and backside temperatures measured during the study of the YSZ
TBC in the radiation chamber, compared with the FEA calculated values
based on the thermal properties in Table F-1.
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Figure F-2: Comparison of the YSZ sub-coating heat flux measured in the radiation
chamber and the FEA-calculated heat flux with the thermal properties and
layer thicknesses from Table F-1.

For the CCC+YSZ coating, the catalyst layer was found to be 30 microns with a 50
micron thermal barrier layer at 8% porosity, and a 60 micron bondcoat. The FEA
calculated probe temperatures and sub-coating heat flux predictions are presented in
Figures F-3 and F-4 respectively. Again, these show an excellent match between the
radiation chamber measured and FEA-calculated temperatures, confirming the chosen
thermal properties and layer thicknesses.
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Figure F-3: Frontside and backside temperatures measured during the study of the
CCC+YSZ coating in the radiation chamber, compared with the FEA
calculated values based on the thermal properties in Table F-1.

Figure F-4: Comparison of the CCC+YSZ sub-coating heat flux measured during the
radiation chamber test and the FEA-calculated heat flux with the thermal
properties and layer thicknesses from Table F-1.
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The Sequential Function Specification Method solver was used next to compute
the surface heat flux and temperature for the coatings. For the SFSM solver, R=3 future
time steps were used for every engine speed and load point analyzed for the YSZ and
CCC+YSZ coatings in Chapter 8. Figure F-5 shows the matching SFSM-calculated and
experimentally measured heat flux probe frontside temperature for the 1600 RPM fuelmatched point with the YSZ coating. Figure F-6 shows that the total error, or deviation
between the temperatures shown in Figure F-5 temperature was less than 0.025°C. The
fitments at all of the engine speeds and loads used for the YSZ and CCC+YSZ analysis in
Chapter 8 had an error of 0.04°C or better. The diffusive timesteps used for the YSZ
coating were 60, 70, and 100 for 1200, 1600, and 2000 RPM respectively. Similarly, the
selected diffusive timesteps for the CCC+YSZ coating were 40, 50, and 80 for 1200,
1600, and 2000 RPM respectively. These were chosen to minimize the computed error
between the measured sub-coating temperature and the one predicted by the SFSM
solver.
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Figure F-5: Example of the SFSM computed frontside probe temperature and surface heat
flux for the 1600 RPM fuel-matched point with the YSZ coating and B=70
diffusive time steps with R=3 future time steps.

Figure F-6: Computed error between the measured and SFSM-predicted probe frontside
temperatures the 1600 RPM fuel-matched point with the YSZ coating and
B=70 diffusive time steps with R=3 future time steps.
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